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Abstract
This study aimed to assess the value of B-mode, nonenhanced and enhanced power Doppler
ultrasonography (US), fine-needle aspiration biopsy (FNAB) and magnetic resonance (MR) imaging
as adjunctive tools in breast diagnostics. The findings were compared to histology.
The mammograms and US images of 84 palpable breast lesions were retrospectively reviewed, 63
of them also blindly. The cytologic reports of 57 lesions were reviewed. Eighty-one (96%) of all the
84 lesions, and 52 of the 53 cancers were visible as a local abnormality at US. The sensitivity,
specificity, and overall accuracy of FNAB cytology was 92%, 83%, and 88%, respectively. There
were no false negative malignancies in the three modalities combined.
Sixty-five lesions not unequivocally benign at mammography were examined with B-mode,
unenhanced and enhanced power Doppler US. Vascularity was also analyzed quantitatively. The
sensitivity, specificity, and overall accuracy of the morphologic evaluation was 100%, 10%, and
57%, respectively. Rounded lesions were more vascular than spiculated lesions, but vascular
assessment was only helpful when supporting a benign morphology.
Forty breast lesions were examined with dynamic MR imaging and power Doppler US by
obtaining time-signal intensity curves, which were analyzed morphologically and quantitatively. The
shape of the MR curve acchieved 90% accuracy in differentiating between benign and malignant
lesions. It enabled also differentiation between fibroadenomas and malignancies. The accuracy of the
US curve was 38%. Quantitatively, statistically significant differences were found using all the MR
variables, except between fibroadenomas and malignancies. Using the US variables, no significant
difference was found.
Twenty-eight patients (34 breasts) were examined by dynamic low-field and high-field MR
imaging. The images were analyzed separately by two radiologists paying attention to lesion
morphology and enhancement kinetics. In 27 breasts, results were compared to biopsy. Kappa
statistics was used to compare the performance between the MR-scanners and readers. The sensitivity
was 100% and 100%, the specificity 82% and 73%, and the accuracy 93% and 89% at low and high
field, respectively. The inter-MR-scanner kappa value was 0.77 (substantial agreement), while the
inter-observer kappa value was 0.86 and 0.81 at low and high field, respectively (almost perfect
agreement).

Keywords: biopsy, breast neoplasms, contrast media, diagnosis, Doppler, low-field, MR
imaging, ultrasonography

To Matti and Marjaana

Acknowledgements
This study was carried out at the Department of Diagnostic Radiology, University of
Oulu, during the years 1997–2003.
I want to express my deepest gratitude to Professor Ilkka Suramo, M.D., whose
enthusiastic attitude has been essential to this work. He never refused giving his time and
advice when needed. He has given his extensive knowledge to this study also as a coworker, which is especially acknowledged.
I am deeply grateful to Docent Osmo Tervonen, M.D., Head of the Department of
Diagnostic Radiology. He created the facilities that were needed, and the inspiring
athmosphere, which is essential to get this kind of work completed. He was also available
to turn to, even in the smallest things.
This work would never have completed without my excellent supervisors, Docent
Tarja Rissanen, M.D., and Docent Eija Pääkkö, M.D. I am indebted to both of them for
their valuable teaching in scientific writing and radiology in general. For Tarja I owe my
special gratitude for introducing me to breast imaging at the first place. Her patience with
my never ending questions has been irreplaceable. To Eija I am especially grateful as she,
regardless her own time-consuming responsibilities, always arranged time for me when it
was necessary to get this work proceeded. Furthermore, I have been lucky to have both of
my supervisors also as my friends, and I want to thank them also for their warm support
in my personal life.
I am grateful to Docent Markku Päivänsalo, M.D., as my co-worker and as an
excellent teacher what it comes to ultrasonography. His extensive knowledge of the
secrets of ultrasound never stops amazing me.
I owe my gratitude also to Jukka Jauhiainen, Ph.D., whose contribution to this work
has been more than important. He always found the answer, no matter what the question
was. With his help I was able to understand even things about physics and statistics,
which I always considered too difficult for me.
I wish to express my warmest thanks also to my colleague and co-worker Ulla Piippo,
M.D., not just for her part in this study, but also for her being a reliable friend during
these years we have known each other. I want to thank also Eija-Leena Lindholm, M.D.,
for her valuable help and interest towards this study.

Sincere thanks are due to Professor Carl-Gustaf Standertskjöld-Nordenstam, M.D.,
and Docent Martti Pamilo, M.D., for their expert advice and constructive criticism as
reviewers of this thesis.
I want to thank the staff of the Department of Diagnostic Radiology, especially in the
Mammography and Ultrasonography unit, as well as in both of the MR units. I always
got the help I needed. I address my thanks also to Mrs. Kaisa Punakivi for her friendly
assistance in all practical things, and to the Photographic Laboratory for the excellent
service. My warm thanks go also to Mr. Keith Kosola and Mrs. Anna Vuolteenaho for the
revision of the English language of this thesis and the original papers. Mrs. Marianne
Haapea, M.Sc., deserves my gratitude for the help in statistical analyses, and Mr. Ville
Varjonen for the help in revision of the final layout.
All my colleagues and friends in the field of radiology, especially in CC-Oulu, are
sincerely acknowledged for the great collaboration and the joyful moments we have
shared. Outside the world of radiology, I want to thank Pirjo for her friendship, which
keeps me going on bad days, too.
I am also grateful to my mother for unselfish love and support throughout my life, and
to my father, who never saw this work finished. I know he would have been proud of me.
Finally, I want to express my deepest gratitude to my family, my husband Hannu and
our dear children Matti and Marjaana, for their love and patience through these years. I
hope they will forgive me the time when I was not available although they would have
needed me.
This study was financially supported by grants from the Cancer Society of Northern
Finland, the Finnish Breast Cancer Group, the Ida Montin Foundation, and the
Radiological Society of Finland, which are gratefully acknowledged.
Oulu, May 2003

Heli Reinikainen

Abbreviations
2D
3D
CI
DCIS
efgre
FNAB
Gd-BOPTA
Gd-DTPA
HiSS
LCIS
MR
ROI
SI
SIpost
SIpre
T
T1
Tc
TDLU
US
USPIO
ZIP

two dimensional
three dimensional
confidence interval
ductal carcinoma in situ
enhanced fast gradient echo
fine needle aspiration biopsy
gadobenate dimeglumine
gadolinium diethylene triamine pentaacetic acid
high spectral and spatial
lobular carcinoma in situ
magnetic resonance
region of interest
signal intensity
postcontrast signal intensity
precontrast signal intensity
tesla
longitudinal relaxation time
tecnetium
terminal ductal – lobular unit
ultrasonography
ultra small superparamagnetic iron oxide
zerofill interpolation processing

List of original publications
This thesis is based on the following articles, which are referred to in the text by their
Roman numerals:
I

Reinikainen HT, Rissanen TJ, Piippo UK & Päivänsalo MJ (1999) Contribution of
ultrasonography and fine-needle aspiration cytology to the differential diagnosis of
palpable solid breast lesions. Acta Radiol 40:383–389.

II

Reinikainen H, Rissanen T, Päivänsalo M, Pääkkö E, Jauhiainen J & Suramo I (2001)
B- mode, power Doppler and contrast-enhanced power Doppler ultrasonography in
the diagnosis of breast tumors. Acta Radiol 42:106–113.

III

Reinikainen H, Pääkkö E, Suramo I, Päivänsalo M, Jauhiainen J & Rissanen T (2002)
Dynamics of contrast enhancement in MR imaging and power Doppler
ultrasonography of solid breast lesions. Acta Radiol 43:492–500.

IV

Pääkkö E, Reinikainen H, Lindholm E-L & Rissanen T (2003) Low-field versus highfield magnetic resonance imaging in diagnosing breast disorders. Submitted for
publication.

Contents
Abstract
Acknowledgements
Abbreviations
List of original publications
Contents
1 Introduction ...................................................................................................................15
2 Review of the literature .................................................................................................17
2.1 Breast anatomy and physiology..............................................................................17
2.2 Benign breast diseases ............................................................................................19
2.3 Premalignant conditions and breast cancer.............................................................20
2.3.1 Pathogenesis of breast cancer ..........................................................................20
2.3.2 Malignant breast lesions ..................................................................................21
2.3.2.1 Noninvasive malignant breast lesions .................................................21
2.3.2.2 Invasive malignant breast lesions........................................................21
2.4 Breast imaging modalities ......................................................................................22
2.4.1 Mammography ................................................................................................22
2.4.1.1 Other mammographic techniques........................................................23
2.4.2 Ultrasonography ..............................................................................................24
2.4.2.1 B-mode ultrasonography .....................................................................24
2.4.2.2 Doppler techniques..............................................................................24
2.4.2.3 Contrast-enhanced ultrasonography ....................................................25
2.4.2.4 Other ultrasonographic techniques ......................................................25
2.4.3 Magnetic resonance imaging ...........................................................................26
2.4.3.1 Background .........................................................................................26
2.4.3.2 Technique ............................................................................................27
2.4.3.3 Diagnostic criteria ...............................................................................27
2.4.3.4 Indications and contraindications ........................................................28
2.4.3.5 Low-field versus high-field magnetic resonance imaging...................29
2.4.3.6 Other magnetic resonance imaging techniques ...................................30
2.4.4 Other imaging modalities ................................................................................30

2.5 Image-guided needle biopsies.................................................................................31
2.5.1 Fine-needle aspiration biopsy ..........................................................................31
2.5.2 Core needle biopsy ..........................................................................................31
2.5.3 Vacuum-assisted biopsy...................................................................................31
2.5.4 Guiding methods .............................................................................................32
3 Purpose of the study ......................................................................................................33
4 Materials and methods...................................................................................................34
4.1 Materials .................................................................................................................34
4.2 Methods ..................................................................................................................35
4.2.1 Mammography and ultrasonography (I) ..........................................................35
4.2.2 Ultrasonography (II, III) ..................................................................................35
4.2.3 Fine-needle aspiration biopsy (I) .....................................................................35
4.2.4 Magnetic resonance imaging (III, IV) .............................................................36
4.2.5 Image analysis (I–IV) ......................................................................................37
4.2.5.1 Study I .................................................................................................37
4.2.5.2 Study II................................................................................................38
4.2.5.3 Study III ..............................................................................................38
4.2.5.4 Study IV ..............................................................................................40
4.2.6 Statistics (II–IV) ..............................................................................................41
5 Results ...........................................................................................................................42
5.1 Ultrasonography (I–III) ..........................................................................................43
5.1.1 B-mode ultrasonography (I, II)........................................................................43
5.1.2 Unenhanced and enhanced power Doppler ultrasonography (II, III) ..............44
5.2 Fine-needle aspiration biopsy (I) ............................................................................47
5.3 Magnetic resonance imaging (III, IV) ....................................................................48
6 Discussion .....................................................................................................................51
6.1 B-mode ultrasonography ........................................................................................52
6.2 Findings of fine-needle aspiration biopsy...............................................................54
6.3 Evaluation of tumor vascularity..............................................................................55
6.3.1 Unenhanced and enhanced power Doppler ultrasonography...........................55
6.3.1.1 Subjective and quantitative analysis of vascularity .............................55
6.3.1.2 Analysis of time-signal intensity curves..............................................56
6.3.2 Magnetic resonance imaging and comparison to enhanced power
Doppler ultrasonography .................................................................................58
6.4 Future aspects in assessing tumor vascularity ........................................................60
7 Conclusions ...................................................................................................................62
References
Original publications

1 Introduction
Breast cancer is the most common malignancy in the female population and its incidence
is increasing. In Finland, it accounted for 32% of all primary cancers among women in
2000, and the incidence was 84/100,000 (Finnish Cancer Registry 2003).
Mammography has been the golden standard in breast imaging. It is an accurate
method for detecting breast cancer even at clinically occult stage. A remarkable
advantage of mammography is the detection of microcalcifications, which until now have
been beyond other imaging methods. Randomized mammographic screening trials and
service screening introduced in many countries in recent years have demostrated
significantly reduced mortality in breast cancer (Tabár et al. 1985, Hakama et al. 1997,
Tabár et al. 2000, Duffy et al. 2002).
Mammographic findings are, however, nonspecific in many cases, and the nature of
the detected lesion cannot be fully revealed. Some lesions may also be indistinguishable
from normal structures or completely obscured because of the dense parenchyma. In
these cases, adjunctive methods are needed.
Ultrasonography (US) is the most widely used adjunctive tool in breast diagnostics.
The most important role of US has been to determine whether a lesion is solid or cystic.
The diagnostic accuracy in solid lesions has been considerably lower, although some
morphologic criteria have been presented for classifying solid lesions as benign or
malignant (Stavros et al. 1995). The value of US in differentiating between benign and
malignant lesions is still controversial because of overlapping in sonographic
characteristics and the high interobserver variability (Chao et al. 1999, Skaane 1999).
Angiogenesis may be considered to be the basis for tumor growth in human tissues.
Neovascularization may appear both in benign and in malignant lesions as well as in the
physiologic process of wound healing (Folkman & Shing 1992, Passe et al. 1997).
Malignant tumors have presented to be associated with a greater number of vessels. The
vessel architecture in cancers also differs from the vessel morphology of benign lesions.
Vessels in malignant lesions are characterized by caliber fluctuations, irregular course and
formation of arteriovenous shunts. (Stuhrmann et al. 2000). Development of contrast
agents, dynamic magnetic resonance (MR) imaging techniques, and ultrasonographic
Doppler techniques have opened up new possibilities for noninvasive investigation of the
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vascularity of tumors. This could provide potential for more accurate differential
diagnosis and thereby a means to avoid unnecessary biopsies.
The purpose of this study was to investigate the value of B-mode US and fine-needle
aspiration biopsy (FNAB) relative to mammography in differential diagnosis of solid
breast lesions. The role of unenhanced and enhanced power Doppler US in the
differential diagnosis of solid breast lesions was also evaluated to find out whether
assessment of vascularity can provide additional information after the analysis of B-mode
morphology, and whether rounded and spiculated tumors differ in terms of vascularity.
The dynamics of contrast enhancement based on time-signal intensity curves was
evaluated both at US and MR imaging, which were compared to histology and to each
other. Furthermore, the feasibility of low-field MR imaging in evaluating breast lesions
was assessed by comparing its performance to a high-field unit and biopsy results. In the
analysis, both lesion morphology and time-signal intensity curves were evaluated.

2 Review of the literature
2.1 Breast anatomy and physiology
The breast consists of 15 to 25 lobes, each of which is drained by a collecting duct
terminating in the nipple. The collecting duct has several branches, which end in a
terminal ductal-lobular unit (TDLU), the basic functional unit of the breast (Fig. 1). The
TDLU is composed of a small segment of terminal duct and a cluster of ductules (acini),
which are the actual secretory units. The functional structures are surrounded by a
varying amount of fat and collagenous tissue (Rosen 2001).
Microscopically, the duct system is lined by an inner epithelial cell layer along the
luminal side and the outer layer of myoepithelial cells. These two layers are further
surrounded by a layer of basal lamina. A small part of the ducts at the nipple is lined by
squamous epithelium (Tavassoli 1992).
The main arterial supply is from the internal mammary and lateral thoracic arteries.
The venous drainage is mainly by branches of internal thoracic veins, but variation
occurs. The most important lymphatic drainage is to the axilla, while less of the lymph
flow is drained via internal and posterior intercostal lymphatics (Rosen 2001).
The breast is affected by physiologic changes in breast morphology and function
throughout life from menarche to menopause, and during each menstrual cycle. These
changes are based on hormonal activity, mainly by prolactin, estrogen and progesterone.
At menarche, the main events include development and growth of ductal and lobular
units. At pregnancy, a remarkable rise of hormone levels induces growth and secretory
activity of the breast. Postmenopausally, the breast undergoes involution characterized by
atrophy of the parenchymal structures (Tavassoli 1992).
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Fig. 1. Anatomy of the human breast, a lobe and a TDLU. (Tabár 1998. The figure reprinted
with permission.)
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2.2 Benign breast diseases
Most benign lesions can actually be regarded as aberrations of normal processes. It has
been presented that the borderline between a normal change and a disease should be more
defined in relation to their clinical aspects than to histologic findings (Hughes 1991).
The most common benign disorder, fibrocystic change, affects 40–50% of
premenopausal women (Sohn et al. 1999). It is a unified term for several proliferative,
but nonneoplastic parenchymal alterations, which are usually bilateral and multifocal
(Tavassoli 1992). The histologic pattern in each case is varying and may include pure
fibrocystic lesions (duct ectasia, cysts, fibrosis, adenosis, ductal epithelial proliferation),
focal fibrosis, ductal and lobular epithelial hyperplasia (also atypical) and microcystic
and fibrous mastopathy due to involutional change (Sohn et al. 1999).
Fibroadenoma is the most common tumor in young and adolescent women. It arises as
a localized hypertrophy of the TDLU and contains structures resembling terminal ducts
and expanded stromal tissue (Sewell 1995). Both the stroma cellularity and the epithelial
component of fibroadenoma varies, which may lead to misinterpretations in differential
diagnosis between fibroadenoma and phyllodes tumor or carcinoma (Rosen 2001). After
menopause, fibroadenomas degenerate and may develop large, coarse calcifications.
Multiple tumors occur in about 15% of cases, and sometimes the tumor may grow to
involve the whole breast, known as adolescent giant fibroadenoma (Rosen 2001).
Carcinoma may develop in a fibroadenoma in 1–2% of cases (Sohn et al. 1999).
Phyllodes tumor, previously known as cystosarcoma phyllodes, arises from periductal
stroma and contains sparse lobular elements (Rosen 2001). Increased cellularity of the
stromal components is characteristic and separates phyllodes tumor from fibroadenoma.
Although usually benign, some tumors show increased mitotic activity, pronounced
overgrowth of the stroma and aggressive peripheral growth, turning it into malignancy
(Sewell 1995).
Papilloma arises in the duct epithelium as papillary projections with or without fibrous
cores (Rosen 2001). It is usually a solitary tumor, but may also present as multiple lesions
(Sewell 1995). The term intraductal papilloma refers to a lesion in a cystically dilated
duct (Rosen 2001). Clinically, papilloma often becomes evident because of nipple
discharge, which may be bloody or non-bloody (Rosen 2001). It is a low-risk lesion, but
may develop atypical and precancerous cell populations (Sewell 1995).
Radial sclerosing lesion, also known as radial scar is usually an incidental finding at
mammography and presents as a stellate lesion mimicking cancer. It is a benign lesion
with a central fibrous core surrounded by contracted ducts and lobules, which may show
different types of proliferation including atypic and precancerous changes (Rosen 2001).
The etiology is unproved, but it has been presented that it might be due to an
inflammatory process resulting in scar formation or slow infarction (Sewell 1995).
Ductal hyperplasia has no specific clinical or pathologic features, and it does not
usually present as a palpable tumor. Microscopically, there is epithelial proliferation in
the ductal system and it is often present in tissue with fibrocystic changes (Rosen 2001).
Atypical ductal hyperplasia refers to a monoclonal neoplastic proliferation within a
ductus already occupied by ordinary hyperplasia (Sewell 1995). It is close to intraductal
carcinoma, but does not fulfill all the criteria (Rosen 2001).
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In puerperal mastitis, accumulation of milk provides a microenvironment for bacterial
(usually Staphylococcus aureus) growth. Without treatment it may lead to abscess
formation. In chronic state, fistulas are seen. The pathogenesis is uncertain and histologic
findings depend on chronicity of the process (Rosen 2001). Plasma cell mastitis is a form
of periductal mastitis characterized by an intense plasmasytic reaction to retained
secretion in the ducts. Histologically, there is hyperplasia of duct epithelium surrounded
by plasma cell infiltrate. Both the acute and mature phases may be difficult to distinguish
from carcinoma. (Rosen 2001.)

2.3 Premalignant conditions and breast cancer
2.3.1 Pathogenesis of breast cancer
Most breast malignancies originate in the TDLU. As a functional unit of the breast, it is
also liable to disturbances in the complex processes of cell proliferation and
differentiation, which may lead to neoplasia (Tavassoli 1992). In preinvasive stage, the
carcinoma is confined within ducts and lobules and the basement membrane is intact or
only focally discontinuous. Conversion to infiltrative carcinoma is associated with
stromal invasion (Rosen 2001).
Originally, most solid tumors present as avascular tumor cell aggregates, which get
nutrients by simple diffusion. This is called the prevascular phase, which can last for up
to several years. Growth beyond a tumor size of 1–2 mm requires formation of new
microvessels, angiogenesis (Folkman et al. 1971). The epithelial cells release so-called
angiogenic factors that interact with endothelium of the surrounding capillaries (Folkman
& Klagsbrun 1987). These newly formed endothelial cells arrange into loops and canalize
to form new vessels. The new vessels can also originate from the host tissue, when the
venules incorporate into the tumor. This is the beginning of the vascular phase of the
tumor (Folkman et al. 1971, Folkman & Klagsbrun 1987). In this complex process, there
are numeral angiogenic factors involved, which have either angiogenic or antiangiogenic
effects (Folkman & Klagsbrun 1987, Folkman & Shing 1992, Passe et al. 1997). Vascular
permeability factor/vascular endothelial growth factor and basic fibroblast growth factor,
which are angiogenic factors, have gained the most interest (Dvorak et al. 1995). The
vessel architecture in malignant tumors is characterized by caliber fluctuations, irregular
course, formation of sinusoids and arteriovenous shunts (Kedar et al. 1996, Raza & Baum
1997, Kook et al. 1999, Milz et al. 2001).
In addition to tumor growth, angiogenesis is necessary for metastatic spread. In order
to metastasize, tumor cells must enter the vascular structures, spread within them to the
target organs, implant and grow (Weinstat-Saslow & Steeg 1994). The fundamental steps
in this process are not yet fully clarified. Angiogenesis has been presented to be an
independent prognostic indicator, and it is a potential basis for cancer treatment by using
chemotherapeutic and antiangiogenic agents (Rosen 2001).
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2.3.2 Malignant breast lesions
2.3.2.1 Noninvasive malignant breast lesions
The growth pattern of breast carcinoma determines whether a lesion is classified as ductal
or lobular. Intraductal carcinoma (DCIS, ductal carcinoma in situ) refers to a malignant
epithelial proliferation confined within a duct with no evidence of stromal invasion
(Tavassoli 1992). It accounts for 3–5% of palpable breast carcinomas and 15–20% of
carcinomas in a screened population (Sohn et al. 1999). DCIS is usually presented as
microcalcifications; the solid type may or may not be associated with calcifications
(Sewell 1995). DCIS is a heterogeneous group of lesions, which was previously classified
according to architectural patterns (comedo, solid, cribriform, micropapillary).
Nowadays, classifications based on nuclear grade and comedo-type necrosis have proved
to be more useful while predicting risk for local recurrence. In Van Nuys classification
the lesions are divided into three groups: non-high grade lesions without or with comedotype necrosis and high grade lesions (Silverstein et al. 1995). Paget´s disease is a variant
of DCIS in which the cells extend upward within the ducts to the surface epithelium of
the nipple (Sewell 1995).
Lobular carcinoma in situ (LCIS) is a precursor lesion for invasive lobular carcinoma,
but in most cases, it does not progress to the invasive stage (Sewell 1995). It is regarded
as a marker of increased risk of either lobular or ductal carcinoma. It is always an
incidental finding that does not form a palpable tumor or a specific mammographic
finding (Tavassoli 1992).

2.3.2.2 Invasive malignant breast lesions
In invasive carcinomas, breaks in the basement membrane result in stromal invasion of
malignant cells. Accumulation of these cells in the TDLU results in swelling and
distortion of the involved lobules. Invasive carcinomas are graded histopathologically as
well differentiated, moderately differentiated, poorly differentiated or undifferentiated
(Rosen 2001).
Seventy to 80% of all breast cancers are invasive ductal carcinoma (Sohn et al. 1999).
It is thought to arise from DCIS, and occurs mostly in its ”not otherwise specified” type
(Sewell 1995). It has several special types, which are usually associated with better
prognosis. Tubular carcinoma is the best differentiated form of ductal carcinomas and
accounts for 1–2% of all breast cancers (Sohn et al. 1999). Medullary, mucinous (colloid)
and papillary carcinoma account for 4–9%, 2% and 1–2% of all cases of breast cancer,
respectively (Sewell 1995, Sohn et al. 1999, Rosen 2001).
Approximately 10% of invasive carcinomas are lobular. Lobular carcinoma infiltrates
in a diffuse manner without altering the surrounding tissue, which often leads to
discrepancy between imaging findings and histologic tumor size (Sewell 1995, Sohn et
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al. 1999). Patients with invasive lobular carcinoma have a higher frequency of bilateral
carcinoma compared to patients with other types of carcinoma (Rosen 2001).
A special form of breast malignancy is inflammatory carcinoma, which accounts for
1–3% of all breast carcinomas (Tavassoli 1992, Sohn et al. 1999). It is not a histologic
but a clinicopathologic entity with diffuse induration and erysipeloid surface of the skin
(Rosen 2001). The prognosis is poor (Sohn et al. 1999).
Several types of malignant lymphoma as well as malignant melanoma may develop
metastatic breast tumors. Other reported primary sites are lung, kidney, stomach, intestine
(carcinoid tumor), ovary, cervix, thyroid gland, urinary bladder, salivary gland and
prostate gland (Rosen 2001).

2.4 Breast imaging modalities
2.4.1 Mammography
Mammography has been the basic imaging method in breast diagnostics, and the only
tool suitable for screening breast cancer. In screening, its sensitivity and specificity are
90–93% and 93–97%, respectively (Kerlikowske et al. 1996b, Dean & Pamilo 1999,
Tabár et al. 2000).
The aim of interpreting mammograms is to find asymmetric densities, mostly circular
or stellate lesions; parenchymal contour changes; architectural distortion and
microcalcifications with or without associated tumor, which may indicate breast
malignancy (Tabár 1998).
Mammography has some recognized limitations and disadvantages. The sensitivity
and specificity are highly dependent on the composition of the breast parenchyma, which
for its part is influenced by age, hormonal status and possible previous interventions. In
young women, the usefulness of mammography is restricted by high prevalence of dense
fibroglandular tissue, which impairs both the detection and the differentiation of the
lesion (Standertskjöld-Nordenstam & Svinhufvud 1980, Bassett et al. 1991, Kerlikowske
et al. 1996a, Patel & Whitman 1998). With increasing age, the breast parenchyma usually
shows fatty replacement, which makes abnormalities more easily detectable (Rosen
2001). Hormone replacement therapy may decrease the sensitivity of mammography by
increasing the breast density and enlarging benign masses, such as cysts and
fibroadenomas (Cyrlak & Wong 1993, Harvey 1999). After breast surgery, mass-like
scars and areas of distortion may mimic a tumor or hide subtle signs of malignancy
(Dershaw 1995). Radiation after surgical treatment of breast carcinoma leads to skin
thickening and increased focal or diffuse density of the breast due to edematous changes.
The accuracy of mammography is also impaired in patients with silicon implants (Gordon
1995).
Cysts and solid tumors cannot always be definitely differentiated at mammography.
Some carcinomas may have a benign appearance, and some fibroadenomas may be
irregular and difficult to differentiate from a malignant tumor. A palpable mass may be
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partially or completely obscured by adjacent fibroglandular tissue (Jackson 1995a,b).
Even the spiculations within the fibrous tissue surrounding a cancer may be
inconspicuous at mammography, because both the spiculations and the adjacent fibrous
tissue are of the same density (Stavros et al. 1995).
In addition to standard (craniocaudal, mediolateral oblique, lateral) views,
supplemental mammographic views are often needed to better or more completely
visualize the area of special concern. The commonly used modified views are spot
compression and magnification views. With the spot compression, separation of
overlapping structures can be achieved. Coning down with spot compression also reduces
scatter radiation and sharpens image details. Magnification provides the ability to define
characteristics of microcalcifications and details of masses. Also tangential views, extra
lateral craniocaudal views, change-of-angle views, cleavage views and modified
compression views (e.g. for patients with breast implants) can be taken. (Eklund &
Cardenosa 1992.) A negative mammogram, even with tailored additional views, does not
exclude the presence of breast cancer (Coveney et al. 1994, Patel & Whitman 1998).
Adjunctive tools are often indicated both for the detection and analysis of breast lesions.
Digital mammography has the potential to overcome some of the limitations of
conventional mammography. Because of the increased contrast and decreased noise of
digital systems it is possible to improve image quality, although the spatial resolution is
still limited when compared to screen-film mammography. The possibilities for image
post-processing reduces the need for repeats and additional (e.g. magnification) views,
which also enables radiation dose reduction (Obenauer et al. 2002).

2.4.1.1 Other mammographic techniques
In case of spontaneous nipple discharge, galactography has been the method of choice. A
mammogram taken after duct cannulation and contrast injection reveals possible
intraductal tumors as filling defects, and with the same method, the lesion can also be
preoperatively marked with methylene blue dye (Tabár et al. 1983). Galactographic
finding helps to localize the origin of nipple discharge but is nonspecific. Sometimes
cannulating a secreting duct may be impossible. The latest high resolution US has
allowed visualization of the dilated ducts and the intraductal tumors (Rissanen et al.
1993, Satake et al. 2000).
Pneumocystography after a fine-needle aspiration of a cyst may reveal intracystic
tumor and help to prevent cyst recurrence (Tabár et al. 1981).
Specimen radiography is a sufficient method to confirm removal of a nonpalpable
lesion after surgical excision (Meyer & Kopans 1982).
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2.4.2 Ultrasonography
2.4.2.1 B-mode ultrasonography
US has been used in breast diagnostics since the 1950s. Until recently, the main
indications of breast US have been differentiation between cystic and solid lesions,
evaluation of a palpable lesion in a mammographically dense breast (for example young,
pregnant or lactating patient), evaluation of a lesion detected at mammography or
mammographic asymmetry, detection of an abscess in an infectious breast, evaluation
after breast cancer treatment and breast augmentation, evaluation of axillary lymph nodes
and guidance for interventional procedures (Bassett et al. 1987, Venta et al. 1994, Gordon
1995, Jackson 1995b).
Ultrasound can detect mammographically occult cancers (Gordon & Goldenberg 1995,
Kolb et al. 1998), but it is generally accepted that US is not suitable for screening (Venta
et al. 1994, Gordon 1995, Mendelson & Tobin 1995). Microcalcifications with no
associate mass are not usually reliably detectable at US (Pamilo et al. 1991, Gordon &
Goldenberg 1995), although demonstration of microcalcifications by the latest highfrequency techniques has been published (Rizzatto et al. 1997, Yang et al. 1997, Rissanen
et al. 1998a, Moon et al. 2002, Soo et al. 2002). The analysis of microcalcifications is,
however, only possible with mammographic spot magnification (Gordon 1995, Monsees
1995).
In the last few years, differentiation between benign and malignant solid breast lesions
by means of US has gained increased interest. The individual characteristics classified by
Stavros et al. (1995) for malignant lesions include spiculation, angular margins, marked
hypoechogenicity, shadowing, calcification, duct extension, branch pattern, vertical
(”taller than wide”) orientation and microlobulation. If a single malignant feature is
found, the lesion cannot be considered benign. Intense hyperechogenicity, ellipsoid
shape, gentle bi- or trilobulations, thin, echogenic pseudocapsule and lack of malignant
findings are considered benign features (Stavros et al. 1995). Despite the encouraging
results of some studies (Stavros et al. 1995, Lister et al. 1998, Rahbar et al. 1999, Arger
2001) there are still cases with a substantial overlap in sonographic characteristics
between benign and malignant tumors (Chao et al. 1999, Skaane 1999). Currently, most
solid breast lesions undergo a diagnostic or preoperative needle biopsy.

2.4.2.2 Doppler techniques
In the Doppler effect, the sound waves reflected from a moving medium undergo a
frequency shift, which is used to image red blood cells moving within vessels and to
measure their velocity. The Doppler shift is proportional both to the flow velocity and the
transmission frequency of the ultrasound. (Hennerici & Neuerburg-Heusler 1998.) In
color Doppler ultrasound, the Doppler signals received from flowing blood are processed
and color-encoded. The velocities are displayed in various colors and brightness levels.

25
The color-encoded flow information is superimposed onto the B-mode image in real time.
The more recent power Doppler gives also color-encoded information, but it analyzes the
amplitude of the reflected signal, not the frequency shift. The amplitude depends on the
quantity or density of the blood cells that are detected. The signal-to-noise ratio is better
with power Doppler, which enables more accurate detection of the small tumor vessels
than conventional color Doppler (Sohn et al. 1999).
A considerable problem in tumor diagnostics is that the spatial resolution of Doppler
imaging is limited, and only major feeding vessels of the tumors are detectable, not the
abnormal complex microvascularity. Color Doppler, or even the more sensitive power
Doppler, is not capable of detecting the flow information in small vessels in all
directions. The technique is also equipment and operator dependent (Madjar 2001).
Neither examination techniques or interpretation of the Doppler images are standardized
and the results of the studies vary considerably (Cosgrove et al. 1993, McNicholas et al.
1993, Giuseppetti et al. 1994, Kedar et al. 1995, Peters-Engl et al. 1995, Sahin-Akyar &
Sumer 1996, Buadu et al. 1997b, Raza & Baum 1997, Wilkens et al. 1998, Milz et al.
2001).

2.4.2.3 Contrast-enhanced ultrasonography
The finding that Doppler signals may be difficult to detect either because of small vessel
size or inadequate equipment has led to the development of ultrasound contrast agents.
They are encapsulated microbubbles, which increase the acoustic scattering from the
tissues through which they pass (Dalla Palma & Bertolotto 1999, ter Haar 2002). Because
US contrast agents do not extravasate from the vessel to the surrounding tissue, any echo
received indicates the presence of a vessel (Spinazzi 2001). Contrast enhancement
improves detection of small vessels with slow and low-volume blood flow (Goldberg et
al. 1993, Pugh et al. 1996). It reduces equipment dependence and could theoretically
improve standardization by also providing dynamic flow information which can be
quantified (Madjar 2001).
The role of contrast enhancement in the differential diagnosis of breast lesions has
been evaluated in several studies (Spreafico et al. 1994, Kedar et al. 1996, Albrecht et al.
1998, Huber et al. 1998, Winehouse et al. 1999, Moon et al. 2000, Stuhrmann et al. 2000,
Alamo & Fischer 2001, Yang et al. 2001), but its value is still under debate. There is
neither standard methodology nor generally accepted interpretation criteria to be applied
to diagnostics.

2.4.2.4 Other ultrasonographic techniques
Despite enhancement, Doppler techniques cannot display the vascularity completely
because of low velocities. Specific imaging techniques for ultrasound contrast agents
have been developed to overcome this limitation. In contrast harmonic imaging, the
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transducer emits at one frequency and receives at the second (or higher) harmonic
frequency. Most of the received signal is from the contrast agent and these harmonic
echoes are stronger than the basic levels, which leads to an increase in the signal-to-noise
ratio (Dalla Palma & Bertolotto 1999, Madjar 2001). The optimum resonance occurs at
frequencies below 5 MHz, which is not suitable for breast imaging (Madjar 2001).
Inverted phase imaging, i.e. pulse inversion, is a new variant of second harmonic
imaging. The transducer transmits not a single pulse but two pulses that are 180 degrees
out of phase. The nonlinear harmonic component from the microbubbles produces a
strong signal, while linear signals from the background causing most artifacts are
cancelled out. It produces new possibilities for flow detection in both color Doppler and
B-mode. Contrast harmonic imaging together with pulse inversion may overcome the
limitations in assessing the microperfusion of tissues (Madjar 2001).
Direct measurement of sound velocity has been presented to give additional
information to B-mode US. The velocities in benign and malignant tumors overlap
considerably, but there are differences between the velocities in tumors and in fat tissue,
which might improve breast cancer detection by US (Weiwad et al. 2000).
In spatial compounding technique, several real-time ultrasound images are acquired
using different angles of insonation. These images are combined to provide a single
composite image, which has a better signal-to-noise ratio and sharper borders with
reduced speckle and clutter compared to a conventional B-mode image (Entrekin et al.
1999).
Three-dimensional (3D) ultrasound is helpful in determining the exact size and
position as well as the surface characteristics of a lesion. With 3D imaging volume
measurement is possible, which allows for more accurate follow-up examinations (Sohn
et al. 1999).
Pathological changes often cause changes in tissue stiffness. In breast diagnostics,
breast cancers are firm and less mobile than the surrounding parenchyma. In elasticity
imaging, ultrasound is used to monitor the internal tissue displacement responses to
externally applied force. This method has many alternative schemes (Bamber 1999).

2.4.3 Magnetic resonance imaging
2.4.3.1 Background
The capabilities of MR imaging in breast imaging have been investigated since the 1970s.
With the introduction of contrast agents and the first encouraging results of contrastenhanced MR imaging in the 1980s it emerged as a promising modality for breast
diagnostics (Heywang et al. 1989, Kaiser & Zeitler 1989).
MR imaging has proved to be the most sensitive method for the detection of invasive
breast cancer. The detection is based on lesion enhancement after contrast agent
administration. In various series, the sensitivity for invasive breast cancer has ranged
from 88 to 100%, and the specificity from 37 to 97% (Stomper et al. 1995, Nunes et al.
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1997a, Liu et al. 1998, Kuhl et al. 1999, Alamo & Fischer 2001). The value of MR
imaging in patients with mammographically detected suspicious microcalcifications and
DCIS has been poor (Gilles et al. 1996, Boetes et al. 1997, Westerhof et al. 1998). In
cases of nipple discharge, the results have been controversial (Krämer et al. 2000, Orel et
al. 2000).

2.4.3.2 Technique
There is no universally accepted standard or optimal technique for breast MR imaging.
One thing is generally accepted: intravenous contrast enhancement is essential. There is
always a compromise between temporal and spatial resolution in MR imaging (Orel
2000). Some investigators emphasize temporal resolution to follow enhancement kinetics
in breast lesions (Kuhl et al. 1999, Alamo & Fischer 2001), while others consider spatial
resolution to be more important at the cost of temporal resolution (Stomper et al. 1995,
Nunes et al. 1997b, Kacl 1998). With newer equipment, however, it is possible to obtain
higher spatial resolution even during dynamic scanning. Most investigators have used
high-field - strength (1.0–1.5 T) imaging systems. A dedicated bilateral breast coil and
prone position of the patient are preferable. The whole affected breast as well as the
contralateral breast should be imaged simultaneously (Heywang-Köbrunner et al. 1997,
Orel 2000). The sequences used usually include at least T1-weighted images before and
after contrast agent administration. For the dynamic series, fast gradient echo (2- or 3dimensional) sequences with a temporal resolution ≤ 2 minutes are recommended. The
contrast agent used is Gd-DTPA (gadolinium diethylene triamine pentaacetic acid) with a
dose of 0.1–0.2 mmol/kg body weight intravenously. To get good spatial resolution, slice
thickness ≤ 3 mm with no gaps is recommended (Heywang-Köbrunner et al. 1997). Fat
suppression, or when fat suppression is not used, post-processing with image subtraction
is essential in the detection of pathological enhancement (Orel 2000). Patient motion
reduction is an important issue, too, especially when image subtraction is used for lesion
detection. Beyond these general guidelines, there is a great deal of variation in other
imaging parameters (orientation, field of view, time of acquisition, imaging matrix etc.).

2.4.3.3 Diagnostic criteria
The diagnostic criteria consist of both lesion morphology and enhancement kinetics
(Heywang-Köbrunner et al. 1997, Kuhl 2000, Orel 2000). The morphologic criteria are
comparable to those used at mammography. Well-defined margins indicate benignity,
while ill-defined or spiculated lesions are suggestive of malignancy. Internal septations, if
seen, are specific for fibroadenomas (Orel et al. 1994, Nunes et al. 1997b).
Enhancement in benign lesions is homogeneous and proceeds centrifugally. Benign
lesions also usually enhance less and do so more slowly than malignant lesions. In
malignant lesions enhancement is often inhomogeneous or rim-like and tends to proceed
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centripetally. Diffuse enhancement is a nonspecific finding. Enhancement kinetics can
also be analyzed by the shape of time-signal intensity curve: a continuous increase in
signal intensity is considered a benign finding, a rapid increase followed by a washout
phenomenon is considered malignant. A plateau or otherwise atypical pattern is an
indeterminate finding. Relative enhancement > 80–90% is a widely used criterion for
malignancy (Kacl et al. 1998, Liu et al. 1998, Kuhl et al. 1999), but the quantity of
enhancement is highly dependent on the imaging technique (field strength, imaging
sequences, dosage of contrast agent etc.) and thus, it is not generally accepted.
Enhancement is not specific for breast pathology, because also normal breast tissue may
enhance. Due to hormonal changes, transient enhancement has been found in 80% of
healthy premenopausal women (Kuhl et al. 1997b, Müller-Schimpfle et al. 1997).
Postmenopausal hormonal replacement therapy can cause diffuse or focal enhancement
(Heywang-Köbrunner et al. 1997, Kuhl 2000).
There is also overlapping between the morphologic and dynamic features of benign
and malignant lesions. The most important benign lesions causing false positive findings
include fibroadenomas, inflammatory changes, papillomas, proliferative fibrocystic
changes and radial scar (Orel et al. 1994). Posttreatment changes may also be liable to
misinterpretations: postoperative scars enhance for six months and post radiation therapy
may cause enhancement for 18 months (Heywang-Köbrunner et al. 1993). Hematoma
due to core biopsy causes signal increase in some patients, but fine-needle biopsy has not
been shown to have influence on MR imaging (Fischer et al. 1996, Kristoffersen Wiberg
2002).

2.4.3.4 Indications and contraindications
Most breast lesions can be diagnosed by using conventional modalities, especially when
combined with needle biopsies. It is, however, desirable to be able to reduce the number
of biopsies performed for benign causes. In dealing with lesions that remain equivocal
after mammographic and sonographic evaluation, MR imaging could be the problemsolving method (Lee et al. 1999). A negative MR imaging finding virtually excludes
invasive carcinoma (Heywang-Köbrunner et al. 1997).
The aim of breast imaging is the detection of breast cancer as early as possible, as the
prognosis of breast cancer depends on the stage of the disease at the time of diagnosis.
MR imaging is not considered suitable for breast screening in a general population, but it
might be feasible in imaging the extremely dense breasts of especially young high-risk
women (family history, cancer susceptibility genes, history of contralateral breast cancer)
(Stoutjesdijk et al. 2001, Warner et al. 2001). It is the best method for detecting an
otherwise occult primary breast carcinoma in patients with axillary node metastases (Orel
et al. 1995, Morris et al. 1997, Obdeijn et al. 2000). After a cancer diagnosis, MR
imaging is the most sensitive tool for preoperative staging and treatment planning (Boetes
et al. 1995, Mumtaz et al. 1997, Fischer et al. 1999, Weinstein et al. 2001, Murray et al.
2002). MR imaging can also be an adjunctive method in posttreatment surveillance in
conservatively treated breasts with suspected recurrence and evaluation of tumor
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response to chemotherapy (Müller et al. 1998, Viehweg et al. 1998). MR imaging is also
the best method for imaging of breasts with silicon prostheses (Pfleiderer & Heindel
2001, Elson et al. 2002, Herborn et al. 2002).
In addition to general contraindications for MR imaging (e.g. cardiac pacemaker,
ferromagnetic incorporated substances) there are some specific limitations concerning
breast imaging. It must not be used instead of x-ray mammography, because according to
present knowledge, it is not suitable for detecting and evaluating microcalcifications
(Gilles et al. 1995, 1996, Boetes et al. 1997, Kuhl 2000). Due to its variable specificity,
MR imaging should not be used for imaging symptomless women without an increased
risk of breast cancer. Before breast MR imaging can be a clinically used tool for breast
imaging, a proper MR-guided biopsy and localization system must be available for
biopsy of suspicious lesions not detected by other modalities (Orel 2000). The
verification of lesion removal is also a major problem to solve, because MR imaging of
the excised specimen is not feasible.

2.4.3.5 Low-field versus high-field magnetic resonance imaging
There are no strict criteria for classifying MR-scanners as high-field or low-field.
Usually, the scanners with a field strength of 1.0 T or higher are considered high-field,
and those with a field strength of 0.2 T or lower are considered low-field. Scanners
between these limits are called mid-field (Elster & Burdette 2001). The 0.23 T MRscanner used in the present study is considered low-field, although it exceeds the limit of
0.2 T.
Practically all of the breast MR imaging studies have been performed with high-field
systems. The results of the few studies with low-field (0.02–0.1 T) scanners almost 10
years ago were not very satisfactory (Dean & Komu 1994, Dean et al. 1994). Nowadays
the technique is more advanced, but there are still no comparative breast studies between
low-field and high-field MR-scanners. The main disadvantage of low-field MR imaging
is the poor signal-to-noise ratio, which has to be compensated by a lower imaging
bandwith (Elster & Burdette 2001). This in turn results in a longer acquisition time and a
risk of motion artifacts. The spatial resolution is limited, too. As the T1 relaxation times
of tissues are shortened in low-field compared to high-field scanners, contrast
enhancement, which also decreases the T1 times, causes less difference between the
tissues in low-field than in high-field systems. This may lead to undetection of enhancing
lesions (Hittmair et al. 1996). Neither are all the pulse sequences routinely used in highfield systems available in low-field imagers, which leads to compromises in imaging
techniques (Cotten et al. 2000, Woertler et al. 2000). In low-field MR imaging there is
not enough frequency shift between fat and water protons, which prohibits the use of
chemical shift fat saturation technique. A method based on the phase difference between
fat and water protons has been developed which might also be useful in breast MR
imaging (Palosaari & Tervonen 2002). Low-field scanners do, however, provide some
advantages, like cost savings and lesser space requirements, which have raised the
interest in using them in routine imaging. The open architecture provides more potential
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for interventional procedures. In imaging, chemical shift, susceptibility and flow artifacts
are less obvious than in high-field systems (Elster & Burdette 2001).

2.4.3.6 Other magnetic resonance imaging techniques
In proton MR spectroscopy malignant lesions have been shown as having high levels of
choline-containing compounds when compared to benign lesions and normal breast
tissue. Choline has also been detected in metastatic nodes in patients with breast cancer
(Yeung et al. 2001, 2002). According to these initial results, proton spectroscopy could be
complementary to other MR imaging methods.
MR elastography is a new imaging modality that produces images with a contrast
proportional to the stiffness of the tissue, as in US elasticity imaging. It has been
predicted to become a potential adjunctive tool for both lesion detection and
characterization (McKnight et al. 2002, Lorenzen et al. 2002).

2.4.4 Other imaging modalities
Computed tomography has not been recommended for breast imaging, mainly because of
high radiation dose. It has been successfully used in regional staging of small breast
cancer before breast conserving surgery (Uematsu et al. 2001).
Electrical impedance scanning is a new technique, which is based upon the principle
that malignant cells exhibit altered local dielectric properties and show measurably higher
conductivity values. The method has been presented as a useful tool for further evaluation
of equivocal mammographic findings (Malich et al. 2001, Martín et al. 2002), but its real
value remains to be seen.
The most important task of nuclear medicine with regard to breast cancer is nowadays
sentinel node staging using lymphoscintigraphy. In differential diagnostics, nuclear
medicine is under investigation as an adjunct to mammography. Presented clinical
indications for the most commonly used agent Tc 99m sestamibi scintimammography
include examining premenopausal dense breasts, palpable lesions with low-suspicion
mammographic finding and evaluation of response to neoadjuvant chemotherapy for
locally advanced breast cancer (Khalkhali & Vargas 2001). Positron emission
tomography scanning might have a role in differential diagnosis and in staging of breast
tumors (Berghammer et al. 2001).
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2.5 Image-guided needle biopsies
2.5.1 Fine-needle aspiration biopsy
Fine-needle aspiration biopsy, usually performed with a 20–25 gauge needle, is a widely
used method for further evaluation of breast lesions other than microcalcifications. It is
cost-effective, easy to perform and involves only minor complications. In qualified hands
it decreases the need for surgical biopsies. The reported sensitivities of FNAB cytology
range from 65% to 99%, specificities from 64% to 100%, and overall accuracies from
81% to 98% (Gordon et al. 1993, Saarela et al. 1996, Ciatto et al. 1997, Pisano et al.
1998). Successful cytologic evaluation calls for a highly trained breast cytopathologist to
avoid false negative findings. The number of insufficient samples can be reduced by an
experienced radiologist using a proper puncture and aspiration technique (Kreula 1990).
Lesions liable to misinterpretation include phyllodes tumor, lobular and tubular
carcinomas (Eisenberg et al. 1986).

2.5.2 Core needle biopsy
Histologic examination is more likely than a cytologic examination to give a definitive
diagnosis of a breast lesion. It is the only non-operative method that differentiates
between an invasive and noninvasive tumor, and it has therefore become the preferred
biopsy method. The biopsy device most commonly used in core needle biopsies is the
gun-needle - combination with 14–18 gauge needle. The reported sensitivities range from
89% to 100%, and the specificities from 96% to 100% (Ballo & Sneige 1996, Britton et
al. 1997, Yeow et al. 2001). In case of a benign lesion, core biopsy usually obviates the
need for surgery. Repeat biopsy is warranted if imaging findings and histologic findings
are discordant. Surgery is needed in case of atypical ductal hyperplasia or phyllodes
tumor, radial scar, papillary lesions, atypical lobular hyperplasia and LCIS as well as in
cases with suspicious microcalcifications despite a benign diagnosis at core biopsy (Berg
et al. 1996, Liberman 2000).

2.5.3 Vacuum-assisted biopsy
Directional vacuum-assisted biopsy is effective in cases which remain unsolved with
conventional core biopsies. The larger size of individual specimens and the ease of
obtaining multiple specimens with a single insertion of a probe allow a larger volume of
tissue for examination (Liberman 2000). It can be successfully used in cases where core
biopsy is problematic: small lesions, very superficial or deep lesions, architectural
distortions, evaluation of microcalcifications and further evaluation of changes of
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uncertain malignant potential (atypical ductal hyperplasia, LCIS, radial scar) (HeywangKöbrunner et al. 1998, Liberman 2000).

2.5.4 Guiding methods
The oldest and previously the most common guiding method is palpation, which is no
longer preferred. US has emerged as the optimal guidance technique for percutaneous
biopsies. The advantages of US over stereotactic x-ray guidance include real-time
monitoring, the lack of ionizing radiation, the almost unlimited applicability to the lesion,
the ability to use the shortest route to the lesion, the possibility of multidirectional
sampling (FNAB) and the availability of the equipment (Fornage 1999).
Mammographic stereotactic guidance is used for lesions not seen well at US,
microcalcifications with no associated mass as the most important type (Parker et al.
1995).
As MR imaging is increasingly used in breast diagnostics, and a number of the lesions
detected by MR imaging are not visible by any other modalities, availability of MRguidance is essential. There are already MR-compatible needles and biopsy devices as
well as localization wires, and the results of clinical studies have been encouraging (Kuhl
et al. 1997c, Daniel et al. 1998, Heywang-Köbrunner et al. 1999, Perlet et al. 2002).

3 Purpose of the study
The purpose of this study was:
1. to define the role of B-mode ultrasonography and fine-needle aspiration biopsy
relative to mammography in differential diagnosis of palpable solid breast lesions. (I)
2. to investigate whether unenhanced and enhanced power Doppler can improve
differential diagnosis of solid breast lesions, and to evaluate whether
morphologically different tumors differ in terms of vascularity. (II)
3. to evaluate the dynamics of contrast enhancement in solid breast lesions at magnetic
resonance imaging and power Doppler ultrasonography and to compare the two
methods to histology and to each other. (III)
4. to compare the accuracy of low-field versus high-field magnetic resonance imaging
in breast diagnostics to find out whether low-field magnetic resonance imaging is
compatible for breast imaging. (IV)

4 Materials and methods
4.1 Materials
The total number of patients was 167 (165 women and two men). Thirty-seven of the 167
patients were included in two studies (II and III). The age of the patients ranged from 18
to 93 years (median 49). In Studies I–III, eleven patients had two lesions in the same
breast. In Study IV, six of the 28 patients had one lesion in each breast. (In one case of
axillary node metastases with negative mammography and US finding the ipsilateral
breast was examined and counted as one lesion.) The total number of lesions was 184.
The number of lesions in studies I, II, III and IV was 84, 65, 40 and 34, respectively.
In Studies I–III, the patients were referred to examinations because of a mass palpated
by the patient in 81 cases, tenderness or other subjective breast symptoms in six cases,
nipple discharge in one case, and a mass found in a health check-up or other examination
in 49 cases. In two cases the indication was not mentioned. In Study IV, there was a
palpable lesion in 12 cases, an inconclusive mammography in 21 cases, and axillary node
metastases with a negative mammogram in one case.
Study I included the patients who underwent surgery for a palpable solid breast lesion
during the period from January 1996 through January 1997, and who had undergone
preoperative US examination. The criteria for inclusion in Study II were that there was a
distinct solid nodule at gray-scale US, and that the histologic diagnosis was ascertainable.
Fifty-three of the 65 lesions were palpable. In Study III, the following criteria for
inclusion were applied: a) the patients underwent both dynamic MR imaging and
contrast-enhanced power Doppler US, b) there was a distinct solid nodule at gray-scale
US with noticeable enhancement at contrast-enhanced US, and c) the histologic diagnosis
was ascertainable. Study IV included 28 consecutive patients referred for breast MR
examination.
All the patients were informed about the study beforehand, and the study was
performed with the patient´s written consent. The study was approved by the hospital´s
Research Ethics Committee.
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4.2 Methods
4.2.1 Mammography and ultrasonography (I)
The mammograms were performed with Mamex Dc Ami (Soredex Corporation) or
Alpha-RT (Instrumed) radiographic equipment. Craniocaudal and mediolateral oblique
images were obtained from both breasts. In cases with equivocal findings, both lateral
views and magnified spot compression views were taken to further analyze the
mammographic findings.
The US examinations with a Quantum 2000 (Siemens) scanner. The transducer
operated at 7.5 MHz. All the patients were palpated and the mammograms analyzed by a
radiologist prior to US. The affected breast, as well as the ipsilateral axilla were
examined.

4.2.2 Ultrasonography (II, III)
The US examination was performed by a radiologist (H.R.) using a Power Vision
(Toshiba) ultrasound unit and a 10 MHz linear transducer. At the time of the US
examination, mammographic images and cytologic reports were available. All the US
examinations were recorded on super video home service video tapes. Only the affected
breast was examined, firstly in B mode to locate, characterize and measure the lesion.
The lesion was then examined with power Doppler US using standardized machine
settings. The gain was increased until noise appeared, and then reduced until it was barely
suppressed. The whole lesion was first assessed, and the position with the largest colorfilled area was selected. In addition to the lesion, 5 mm of the adjacent tissue was also
included. Then the contrast agent (galactose, LevovistR, Schering; 7 ml bolus at a
concentration of 300 mg/ml into a cubital vein) was injected manually over 3 seconds and
flushed with 10 ml of saline. The selected area was examined, and the video recording
was continued until there was no excess color compared to the baseline.

4.2.3 Fine-needle aspiration biopsy (I)
FNABs were obtained from 56 lesions (53 patients) using real-time US-guidance with a
CamecoR syringe holder connected to a 10-ml syringe and a 0.6-mm needle. In one case
FNAB was palpation-guided. Each sample was taken with a minimum of 2 needle passes.
The total number of FNABs was 57. The FNA samples were fixed in 50% alcohol and
stained with Papanicolaou stain. The findings were classified according to Papanicolaou
into classes 0-V. Class I is a normal finding with no atypical or abnormal cells, while
class II includes abnormal cells with no evidence of malignancy, class III contains

36
atypical cytology, where malignancy cannot be excluded, class IV has cytology strongly
suggestive of malignancy, and class V cytology conclusive of malignancy. Class 0 is an
acellular or inadequate aspirate.

4.2.4 Magnetic resonance imaging (III, IV)
Breast MRI was performed with a 1.5 T magnet (Signa Echo Speed, General Electric
Medical Systems) and a commercially available double breast coil. Prior to the
examination, an intravenous cannula was placed into the antecubital vein. The patients
were imaged in the prone position. After the initial localizer, the MR imaging protocol
included firstly T1-weighted sagittal images with frequency-selected fat saturation of the
affected breast. Then, contrast-enhanced 3D dynamic axial images of both breasts were
obtained. The enhanced fast gradient echo technique with special fat saturation was used,
including 8 series of 36 partitions obtained at 43-second intervals, giving altogether 576
slices with the ZIP (zerofill interpolation processing) option. The contrast agent (GdDTPA, MagnevistR; Schering; 0.2 mmol/kg body weight with a maximum of 30 ml,
[mean 25, range 20–30], 3 ml/s) was injected at the beginning of the second series with a
power injector. After the contrast agent injection, a 10 ml saline flush was used. After the
dynamic series, the affected breast was imaged once again with fat saturated T1-weighted
sagittal images.
At low-field breast MR imaging, a 0.23 T magnet (Outlook Proview, Philips Medical
Systems) and a double breast coil were used. Prior to the examination, an intravenous
cannula was placed into the antecubital vein. The patients were imaged in the prone
position. After the initial localizer, one T1-weighted sagittal series was obtained of the
affected breast. Then, dynamic axial images of both breasts were obtained, one series
before, and 6 series after contrast agent (Gd-DTPA, MagnevistR; Schering)
administration. The amount of contrast agent was 30 ml for each patient, and it was
manually injected, followed by a 20 ml saline flush. The imaging time for one dynamic
series was 60 s. After the dynamic series, contrast-enhanced T1-weighted sagittal images
were repeated.
The specifications for the MR examinations are presented in Table 1.
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Table 1. Breast MRI protocols used at 0.23 and 1.5 T (III, IV).
MRI
0.23 T
FE 3D T1 sag
FE 3D T1 tra
1.5 T
SE T1 sag fs
efgre 3D tra fs*

TR
(ms)

TE
(ms)

TI
(ms)

FA
(º)

Thk
(mm)

Gap
(mm)

NSA

FOV
(cm)

matrix

TA
(min)

25
13

8
5.2

–
–

30
20

3.0–3.5
3.0–4.0

–
–

1
1

25
256×256
35–38 192×192

5:48
1:00

600
6.1

9
1.3

–
32

90
30

3.0–5.0
2.6–4.0

0.5
–

2
1

16–22 256×224
28–40 256×128

4:32
0:43

MRI = magnetic resonance imaging, TR = repetition time, TE = echo time, TI = inversion time, FA = flip angle,
Thk = section thickness, gap = intersection gap, NSA = number of signals averaged, FOV = field of view,
TA = acquisition time, FE = field echo, 3D = three dimensional, sag = sagittal, tra = transverse, SE = spin echo,
fs = fat-suppressed, efgre = enhanced fast gradient echo, fs* = fat saturation with spectral inversion at lipids
(SPECIAL)

4.2.5 Image analysis (I–IV)
4.2.5.1 Study I
The mammograms and US images were reviewed by a radiologist (H.R.) who had all the
patient data (including the histologic diagnosis) available. The mammograms were not
available for review in 4 cases and the US images in 21 cases. In these cases the analysis
was based on the primary radiologic reports. The cytologic reports of the FNABs were
also reviewed and compared to the final histologic reports. Classes I and II were
considered as negative for malignancy, and the classes III, IV, and V as positive for
malignancy.
Both the mammograms and the US images of 63 lesions were reviewed blindly by two
other radiologists (T.R. and U.P.). The two radiologists analysed both the US images and
the mammograms separately, first independently and thereafter together for a consensus
decision in the cases where there had been disagreement on the initial classification. The
mammographic and US findings were classified as benign, indeterminate, or as
suspicious of malignancy. The individual sonographic characteristics listed for classifying
the lesions have been described by Stavros et al. (1995). The characteristics that
suggested a lesion to be malignant were an irregular, round or vertical shape as well as
ill-defined margins or spiculation and shadowing beneath the lesion. The absence of
malignant findings, homogeneous hyperechogenicity and ellipsoid shape together with
well-defined margins or a thin, echogenic rim surrounding the lesion were considered
benign characteristics. If no malignant or clearly benign features were found, the lesion
was classified as indeterminate. The results were compared with the mammographic
findings and the histologic diagnoses.
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4.2.5.2 Study II
Two radiologists (H.R. and T.R.) reviewed both the B-mode and the power Doppler US
images (before and after contrast agent administration). One of them (T.R.) did this
blindly and the other (H.R.) with a three-month to three-year delay after performing the
examinations. The radiologists first analyzed the images independently. The cases with
disagreement on the initial classification were then reanalyzed to reach consensus.
The lesions were classified as benign, indeterminate or malignant according to the Bmode sonographic findings as in Study I.
For analysis of vascularity, the lesions were classified as benign or malignant, and the
findings at power Doppler US without and with contrast enhancement were analyzed
separately. The power Doppler images before contrast agent administration were
categorized according to the number ( 0, < 3, ≥ 3) and distribution (peripheral, central
and/or penetrating) of blood vessels. Lesions with ≥ 3 vessels and/or a central or
penetrating pattern were considered malignant. If there were < 3 vessels, the lesion was
classified as benign. After contrast agent administration, the change in vascularity was
assessed according to the enhancement of the pre-existing vessels (0 = no vessels,
+ = slight enhancement, ++ = moderate enhancement, +++ = marked enhancement) and
the detection of flow in new vessels, and the location of new vessels (peripherally or
centrally). ++ and +++ were classified as malignant, as was also the central location of
new vessels. 0 and + , and the peripheral location of new vessels indicated benignity.
For a quantitative analysis of vascularity in a lesion, the videotapes were rereviewed
by a radiologist (H.R.). Three images of a selected area of each lesion were transferred to
a computer workstation for analysis: the B-mode image to measure the area of the lesion,
and the power Doppler images obtained before and after the contrast agent administration
to evaluate the color-filled area. The images were analyzed by a radiologist (M.P.) with a
computer-assisted protocol (OPTIMAS , Media Cybernetics). The following variables
were used: the number of color-filled vessels, total area of color-filled vessels, and
change in the number of color-filled vessels and the percentage area of color-filled
vessels before and after contrast agent administration. The histologic diagnoses of the
lesions were obtained by reviewing the patient charts, and the lesions were classified as
fibroadenomas, other benign lesions or malignant lesions.

4.2.5.3 Study III
Magnetic resonance imaging. The MR images were analyzed in consensus by two
radiologists (E.P. and H.R.) with a workstation (Advantage Windows, General Electric
Medical Systems). A computer-assisted program (Explorer, General Electric Medical
Systems) was used to get the maximum slope of increase maps of each slice of the
dynamic series. This program allowed color-coded images, in which pathological
enhancement was easy to detect. Time-signal intensity curves were obtained by placing
multiple regions of interest (ROIs) at the sites with maximum enhancement. The size of
ROI varied according to the size of the lesion and the area of maximum enhancement.
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The curves were classified as benign, malignant or indeterminate according to their
shape. If there was a gradual increase in signal intensity up to the end of the
measurement, the curve was classified as benign. If the signal intensity maximum was
achieved rapidly after contrast agent administration (within 2 minutes) and followed by a
gradual decrease (washout phenomenon), the curve was classified as malignant. Curves
with a plateau were classified as indeterminate. From the several curves obtained, the
morphologically most representative (washout type, if present) curve of each lesion was
selected for further analysis. At the time of analysis, mammographic images were
available, but the US images or the results of the contrast-enhanced US examinations
were not. The time delay between the examinations and the analyses was from one to
three years.
The individual time-signal intensity curves were further quantitatively analyzed by a
radiologist (H.R.) using a software version developed at our laboratory. The maximum
slope of each time-signal intensity curve and the area under the curve (in arbitrary units)
were calculated. For the calculation, the series with maximum enhancement was selected.
From this series, all the slices in which the lesion was visualized were included, and two
ROIs were placed at each slice covering a) the whole lesion and b) the most enhancing
part of the lesion. A region-growing algorithm was used to specify only those pixels that
were inside the tumor region. For the calculation, the mean values were used. Relative
enhancement (in percentage) was also calculated using the formula: relative
SI % = (SIpost – SIpre)/SIpre × 100, where SIpre is the precontrast signal intensity and SIpost
the maximal signal intensity within 2 minutes from the beginning of the dynamic series.
The mean curves for the three histologic groups of lesions (carcinomas, fibroadenomas,
other benign lesions) were calculated.
Ultrasonography. The quantitative analysis of the contrast-enhanced power Doppler US
was based on the color-filled areas in the breast lesion after contrast agent administration.
For the time-signal intensity curves, a sequence of images was manually grabbed from
the videotapes into a workstation by a radiologist (H.R.). The interval between two
successive images was 2 seconds during the first minute and 5 seconds during the next 2
minutes. The total grabbing time was 3 minutes, which was subjectively estimated to be
the duration of enhancement. The images were analyzed by a radiologist (M.P.) with a
computer-assisted protocol (OPTIMAS, Media Cybernetics) by tracing the areas of colorfilled vessels within the lesion and in the 5 mm margin around it, to include all the tumorrelated vessels. The numerical results of the total area of color-filled vessels in the course
of time were used to plot the time - signal intensity curves. (The curves are called ”timesignal intensity” curves to unify the terms used to compare the two methods, although the
”intensity” at US actually contributes to the area.) From the curves, the time to peak (in
seconds), the maximum slope and the area under the curve (arbitrary units; equal
magnitude scale for every patient) were calculated.
The individual US time-signal intensity curves were classified as benign, malignant, or
indeterminate based on the area of color-filled vessels at the time of peak enhancement. If
the area was < 0.1, the curve was classified as benign. If the area was 0.1–0.4, the curve
was classified as indeterminate. The curve with a maximum area > 0.4 was classified as
malignant. The mean curves for the three histologic groups of lesions (carcinomas,
fibroadenomas, other benign lesions) were calculated.
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4.2.5.4 Study IV
The images were analyzed separately by two radiologists (E.P. and H.R.) 3 to 25 months
after the studies were performed. Both radiologists analyzed first the studies performed at
high field, and approximately three months later the studies performed at low field.
Images obtained from the high-field MR imaging were not available at the time the
studies performed at low field were analyzed. The radiologists were unaware of the
biopsy results. Images were analyzed by paying attention to masses and abnormal
enhancement. Lesion morphology and enhancement kinetics were analyzed. Time-signal
intensity curves were obtained from enhancing lesions, at high-field as described
previously (Study III). At low field, VIA 2.0 software (Philips Medical Systems) was
used for post-processing. Image subtraction was performed for lesion detection in the
dynamic series, after which the time-signal intensity curves were obtained from the nonsubtracted images. Multiple ROIs were placed at the sites with maximum enhancement,
after which the most representative curve was selected (as at high field). The size of the
ROI varied according to the size of the lesion and the area of maximum enhancement. In
the post-contrast sagittal T1-weighted 3D field echo series post-processing fat saturation
was performed based on the phase difference water-fat imaging method (Palosaari &
Tervonen 2002).
Lesions with a wash-out time-signal intensity curve and/or spiculated margins or rim
enhancement were considered malignant. Lesions with ill-defined margins and a plateau
curve were also considered malignant, while ill-defined lesions with a sustained type of
curve were characterized as indeterminate. Well-defined lesions with a plateau curve
were also considered indeterminate. Lesions with well-defined margins and a sustained
type time-signal intensity curve were classified as benign. Results were compared with
biopsy in 27 breasts: 2 fibroadenoma, 6 fibrocystic mastopathy, 3 fibrosis (including one
postoperative scar), 3 ductal carcinoma in situ, 8 invasive ductal carcinoma, 4 invasive
lobular carcinoma and one invasive mucinous carcinoma. Kappa statistics was used to
compare the performance between the MR-scanners and readers. In cases of discrepancy
between the readers a consensus reading was performed.
Lesion conspicuity in the various sequences was analyzed and rated from 0–4: 0 = not
seen, 1 = poor, 2 = moderate, 3 = good, 4 = excellent. At high field the three imaging
sequences were analyzed, while at low field lesion conspicuity was also assessed from
the subtracted and post-processed fat-suppressed images. At high field the contribution of
the computer-assisted program (maximum slope of increase) to lesion detection was also
analyzed and rated from 0–3: 0 = not seen, 1 = seen as well as on the dynamic series,
2 = helped in lesion detection, 3 = crucial in lesion detection. Overall image quality,
including motion artifacts, was analyzed and classified as insufficient, poor, fair or good.
The uniformity of fat suppression was also rated as poor, fair or good.
Relative enhancement of the lesions was calculated (as in Study III), although not used
in lesion characterization.
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4.2.6 Statistics (II–IV)
The histologic diagnoses of the lesions were obtained by reviewing the patient charts. In
Study II, the statistical analysis was performed using SPSS for Windows Release 8.0.1
(SPSS Incorporation). Mean values for vascular variables, and 95% confidence intervals
(CI) for mean values were calculated. Independent samples t-test was calculated between
the groups.
In Study III, the statistical analysis of both MR imaging and US data was performed
using SPSS for Windows Release 9.0 (SPSS Incorporation). To determine statistical
significance, t-test, Mann-Whitney U, one-way ANOVA, and Pearson´s chi-square tests
were used. p < 0.05 was considered statistically significant.
In Study IV, 95% CIs were calculated for the enhancement ratios. Kappa statistics was
used to compare the performance between the MR-scanners and readers (Landis & Koch
1977).

5 Results
Of the 184 lesions, 177 were examined with surgery (n = 166), core biopsy (n = 9), or
FNAB (n = 2). In seven cases, biopsy was not obtained because the imaging findings
were normal and no lesion could be found. The final diagnosis was malignant in 104
cases (59%) and benign in 73 cases (41%) (Table 2).
Table 2. Final diagnoses of the lesions (I–IV).
Final diagnoses
Malignant
IDC
ILC
DCIS
Other**
Total
Benign
Fibroadenoma
Fibrocystic change
Other***
Total
1

I

II+III1

IV*

Total

35
12
3
3
53

24
9
0
2
35

8
4
3
1
16

67
25
6
6
104

10
11
10
31

14
6
11
31

2
6
3
11

26
23
24
73

Studies II and III combined because of common patients. *In 7 cases diagnosis was not confirmed. **3 cases
of mucinous carcinoma, 2 cases of malignant phyllodes tumor and one case of atypical medullary carcinoma.
***4 cases of atypical ductal hyperplasia; 3 cases of papilloma, chronic inflammation, scar, aberrant breast
tissue and fibrosis; 2 cases of lipoma and abscess; 1 each of epidermal cyst, hamartoma, gynecomastia and
hemangioma. IDC = invasive ductal carcinoma, ILC = invasive lobular carcinoma, DCIS = ductal carcinoma in
situ.

43

5.1 Ultrasonography (I–III)
5.1.1 B-mode ultrasonography (I, II)
In Study I, 75 (89%) of the 84 lesions were seen as a tumor at US, while 6 (7%) were
seen as an architectural distortion. In 3/84 cases (4%) no abnormality was seen at US.
Fifty-two of the histologically proven 53 cancers were visualized at US, 51 as a tumor,
and one as an architectural distortion. In one case US showed no abnormality. Of the 31
benign lesions, 24 were seen as a tumor and 5 as an architectural distortion, while 2 did
not appear as an abnormality at US.
Seventy-nine of the 84 lesions were examined with mammography. In 6 cases the
mammogram was normal, but US revealed a tumor. One of these 6 tumors turned out to
be a lobular carcinoma. In 3 cases there was a mammographic finding of architectural
distortion, while US showed no abnormality. Histologically, two of these were benign
(fibrocystic change and aberrant breast tissue) and one was malignant (invasive lobular
carcinoma).
In the blinded analysis, all the cases that were classified as benign at both
mammography and US also turned out to be histologically benign. Twenty-four (62%) of
the 39 cancers were correctly classified as malignant at both mammography and US. If
the indeterminate findings (which usually led to further procedures) at both modalities are
included, 37 (95%) of the cancers were true positive at mammography and US. In one
case the mammogram was suspicious for malignancy, but US was benign. Another
malignancy missed either by mammography or US was mammographically benign, but
indeterminate at US. In both of these two cases, the cytology was either malignant or
strongly suggestive of malignancy (class IV and V), and the final diagnosis was lobular
carcinoma. There was one case where both mammography and US were false positive for
malignancy, but the final histologic diagnosis was benign (fibroadenoma).
In Study II, 31 (91%) of the 34 malignant lesions were correctly classified as
malignant according to the sonographic morphology (Table 3). Three (9%) lesions were
classified as indeterminate, and none were classified as benign. Of the 31 benign lesions,
only three (10%) were classified as benign, twenty (64%) were classified as
indeterminate and eight (26%) as malignant. The sensitivity of the morphologic
evaluation was 91%, specificity 27%, and overall accuracy 52% when the indeterminate
findings were excluded. If the indeterminate findings were classified as positive,
sensitivity, specificity, and overall accuracy were 100%, 10% and 57%, respectively.
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Table 3. Sonographic evaluation of 65 breast lesions (II).
B-mode US morphology

Power Doppler US
Malignant

Benign

Contrast-enhanced power
Doppler US
Malignant**
Benign**

Malignant lesions*
Malignant, n = 31
Indeterminate, n = 3

19

14
4

2
0
14

1
0
19

5
8
1
1
0
15

7
13

4
6
5

1
3
1
8

3
23

2
17

1
14

1

Benign, n = 0
Total, n = 34

0
20

Benign lesions*
Malignant, n = 8

1

Indeterminate, n = 20

7

Benign, n = 3

0

Total, n = 31

12

8

*Final diagnoses. **Figures comprise subgroups of the numbers in the "Power Doppler US" column.
US = ultrasonography.

5.1.2 Unenhanced and enhanced power Doppler
ultrasonography (II, III)
In Study II, of all the morphologically malignant (n = 31) or indeterminate (n = 3)
cancers, 20 (59%) were classified as malignant and 14 (41%) as benign at power Doppler
US. Only five of the 14 false negative findings were upgraded to true positive after
contrast-enhanced power Doppler US (Table 3). All the three morphologically and
histologically benign lesions were classified as benign also at power Doppler US.
Thirteen (65%) of 20 indeterminate findings, and 7 (88%) of 8 malignant findings were
correctly classified as benign at power Doppler US. Contrast enhancement was not
helpful in further characterization of the benign lesions.
In the subjective analysis of the US time-signal intensity curve type (Study III), the
mean curves of the three groups of lesions were found to be of roughly similar shape,
with a rapid enhancement followed by a gradual decrease (Fig. 2A). Using the maximum
enhancement as a criterion, the lesions could be divided into three groups: groups with
low (classified as benign), intermediate (classified as indeterminate), and high intensity
(classified as malignant). The accuracy of this classification in differentiating between
benign and malignant breast lesions was 38%. Fourteen of the 25 (56%) carcinomas were
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classified as benign, 6 (24%) as indeterminate, and 5 (20%) as malignant. Of the 15
histologically benign lesions, 10 (67%) were classified as benign, 2 (13%) as malignant,
and 3 (20%) as indeterminate.

Fig. 2. Mean time - signal intensity curves for three groups of lesions (malignant,
fibroadenomas and other benign). A: At US. B: At MR imaging.

In the quantitative analysis (Study II), a statistically significant difference was found
between malignant lesions and all benign lesions, and between malignant lesions and
other benign lesions than fibroadenomas using the number and area of color-filled vessels
without and with contrast agent, but not using the percentage area of color-filled vessels.
No significant difference was found between the fibroadenoma and the malignant group
by using any variable. The number of color-filled vessels after contrast enhancement was
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the only variable able to differentiate between fibroadenomas and other benign lesions
(Table 4).
Table 4. US and MRI quantitative variables reflecting differences between different
groups of lesions (II, III). Mean values and 95% confidence intervals.
US and MRI variables

Malignant
Mean
95% CI

Fibroadenomas
Mean
95% CI

Other benign
Mean
95% CI

US
No. of color-filled vessels*
before contrast

3.5

2.2–4.8

2.0

0.85–3.2

1.0

after contrast

10

6.1–14

5.7

3.0–8.4

2.7

1.7–3.7

6.7

3.4–10

3.7

1.5–5.9

1.7

0.72–2.7

before contrast

0.11

0.037–0.18

0.042

0.015–0.069

0.015

0.0057–0.024

after contrast

0.45

0.21–0.69

0.21

0.080–0.33

0.10

0.015–0.19

before contrast

4.5

1.9–7.0

3.4

0.98–5.8

3.4

0.41–6.3

after contrast

20

11–29

17

7.8–26

20

5.5–35

15

7.5–23

14

5.5–22

17

4.5–29

Slope

0.37

0.15–0.59

0.17

–0.019–0.35

0.011

–0.069–0.28

Area under the curve (arbitrary
units)

260

220–305

260

160–360

110

70–160

Time to peak (sec)

29

24–35

36

24–47

53

23–84

partial ROI

98

72–120

110

61–160

44

1.6–86

total ROI

67

49–85

78

46–110

30

1.7–58

Area under the curve* (arbitrary
units)

260

220–305

260

160–360

110

70–160

Relative enhancement* (%)

330

280–390

260

170–360

160

66–260

Change in no. of color-filled
vessels*

0.56–1.4

Total area of color-filled
vessels* (cm2)

Percentage area of color-filled
vessels

Change in percentage area of
color-filled vessels
US curve

MRI
MRI curve
Slope**

*Statistically significant difference between malignant and all benign lesions, and malignant and other benign
lesions, p < 0.05. **Statistically significant difference between malignant and other benign lesions, p < 0.05.
US = ultrasonography, MRI = magnetic resonance imaging, ROI = region of interest.

The analysis of the slope of the US time-signal intensity curve and the area under the
curve (Study III) revealed no statistically significant differences between any of the
diagnostic groups (Table 4). The mean time to peak enhancement was 29 seconds in
malignancies, 36 seconds in fibroadenomas, and 53 seconds in other benign lesions.
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Because of the wide individual variations, however, the differences were not statistically
significant.
The sonographic sizes of the lesions classified as malignant according to US curves
(Study III) ranged from 13 to 101 mm (median 25 mm), those of the lesions classified as
indeterminate from 9 to 50 mm (median 29), and those of the lesions classified as benign
from 9 to 43 mm (median 14 mm). The sonographic sizes of the carcinomas in the three
groups ranged from 13 to 101 mm (median 25 mm), from 11 to 50 mm (median 32 mm),
and from 11 to 43 mm (median 15 mm). Eight (32%) of the malignant lesions were
histologically grade III, 11 (44%) were grade II and 2 (8%) were grade I. In 4 cases
(16%), the histologic grade was not applicable.
No correlation was found between the age of the patients and the US vascularity of the
breast lesions (Study II).

5.2 Fine-needle aspiration biopsy (I)
US-guided FNAB was taken from 56 palpable lesions, while one biopsy was palpationguided. Of the 57 cytologic specimens, only 2 (4%) were classified as inadequate (Table
5). The sensitivity of FNAB was 92%, specificity 83%, and overall accuracy 88%. Of the
3 false negative cases, 2 were classified as benign and one as inadequate for cytologic
analysis. The final diagnosis was invasive ductal carcinoma in 2 of these 3 cases and
malignant phyllodes tumor in one case. One ductal carcinoma and the phyllodes tumor
were seen as circumscribed tumors at mammography, and as a focal tumor at US. In the
blinded US analysis the carcinoma was classified as malignant and the phyllodes tumor
as indeterminate. The other invasive ductal carcinoma with a false negative cytology was
seen as a stellate tumor at mammography, and as a tumor with posterior shadowing at
US. In the blinded US analysis it was correctly classified as malignant.
Table 5. Correlation between the cytologic and histologic diagnoses of 57 palpable
breast lesions (I).
Cytology

Histology
Benign

Inadequate aspirate (class 0)
Benign (classes I, II)
Indeterminate (class III)
Malignant (classes IV,V)
Total

No.

%

1
15
3
0
19

50
88
30
0

Total
Malignant
No.
%

1
2
7*
28**
38

50
12
70
100

2
17
10
28
57

*Includes one invasive lobular carcinoma. **Includes 7 cases of invasive lobular carcinoma. No. = number.
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5.3 Magnetic resonance imaging (III, IV)
When analyzing the mean MR imaging time-signal intensity curve shape (Study III),
malignant lesions were found to achieve their maximum signal intensity within 2 minutes
from the onset of contrast agent administration. The intensity decreased more slowly, but
a washout effect was noticeable. In the group of benign lesions (excluding
fibroadenomas), there was a gradual increase in signal intensity throughout the
measurement, and overall enhancement was clearly weaker than in the other groups
(malignant lesions and fibroadenomas). The fibroadenomas enhanced strongly and at
first, steeply, but as the maximum was achieved later than in the group of malignant
lesions and no washout or plateau was seen, these curves were classified as benign (Fig.
2B). The accuracy of the analysis of the MR imaging curves in differentiating between
benign and malignant breast lesions was 90%.
The quantitative MR imaging dynamic variables (Study III) were calculated for four
groups of lesions: malignant lesions, fibroadenomas, other benign lesions and all benign
lesions ( = fibroadenomas+other benign lesions). The slope of the MR imaging timesignal intensity curve (with both ROIs) was able to differentiate malignant from benign
lesions other than fibroadenomas. Likewise, using the area under the curve and the
relative enhancement, a statistically significant difference was found between malignant
and benign lesions except fibroadenomas (Table 4).
When compared to biopsy, the sensitivity, specificity and accuracy was 100%, 82%
and 93% at low field compared to 100%, 73% and 89% at high field, respectively (Study
IV) (Table 6). There were two false positives at low field and three at high field when the
indeterminate cases are included. At low field one false positive case had a three
centimeter indistinct area of enhancement with a sustained curve which was considered
indeterminate. Biopsy showed fibrocystic mastopathy. The other false positive was a
fibroadenoma (12 mm) with indistinct margins and a plateau curve. This same
fibroadenoma was considered indeterminate also at high field and hence classified as
false positive. At high field the two other false positives represented fibrocystic
mastopathy which were small lesions (7 and 12 mm) with a wash-out curve and
considered malignant. There were no false negative cases.
Table 6. Findings at low-field and high-field MRI of breast lesions compared to biopsy
results in 27 breasts (IV).
MRI
Low-field
Benign
Indeterminate
Malignant
High-field
Benign
Indeterminate
Malignant
MRI = magnetic resonance imaging.

Benign (n = 11)

Malignant (n = 16)

9
2
0

0
0
16

8
1
2

0
0
16
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The size of the lesions varied from 6 to 70 mm, with a mean of 20 mm. The smallest
malignant lesion detected was an 8 mm invasive lobular carcinoma.
The inter-scanner kappa value was 0.77 (substantial agreement), and the inter-observer
kappa value was 0.86 at low field and 0.81 high field (almost perfect agreement).
When analyzing conspicuity of the lesions, dynamic fat saturated transverse series at
high field was considered the best, reaching a mean value of 3.2 (Table 7). At low field
lesions were best seen in the subtracted images, where the mean value was 2.4. On
sagittal contrast-enhanced post-processed fat saturated images at low field, lesion
conspicuity was equal to fat saturated sagittal post-contrast images at high field, reaching
a mean value of 2.2. At high field the computer-assisted program allowing color-coded
images of maximum slope of increase was considered to be helpful in lesion detection in
9 and crucial in lesion detection in another 9 of 68 breasts (13%) (including the
observations of both radiologists). These included especially cases where fat saturation
on dynamic contrast-enhanced 3D efgre series was sub-optimal, making lesion detection
difficult. In the rest of the cases lesions were seen equally well on the fat saturated postcontrast 3D efgre-images.
Table 7. Lesion conspicuity in different sequences and post-processed images at low- and
high-field MRI on a scale of 0 – 4, where 0 = not seen, 1 = poor, 2 = moderate, 3 = good,
4 = excellent (IV). The values are means.
Images
T1 sagittal*
T1 sagittal* + C
3D dynamic transverse** + C
T1 sag. + postproc. fat sat
Subtracted images

Low field

High field

1.0
1.3
1.8
2.2
2.4

1.2
2.2
3.2
–
–

*3D FE series at low field, 2D SE series with fat saturation at high field. ** SPECIAL fat saturation at high
field. MRI = magnetic resonance imaging, C = intravenous contrast agent, postproc. = postprocessed, fat
sat = fat saturation, sag. = sagittal.

Overall image quality was equal in the sagittal images at low field compared to high
field, and no imaging series were considered to be insufficient for diagnostics (Table 8).
When considering the most important series in lesion detection, i.e. subtracted images at
low field and fat saturated 3D efgre images at high field, image quality was better at high
field where good image quality was observed in 69% of cases compared to 35% at low
field. The uniformity of fat suppression was better in post-contrast sagittal series at high
field compared to post-processed fat saturated sagittal images at low field with good fat
suppression in 75% and 8%, respectively.
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Table 8. Overall image quality and the uniformity of fat suppression in various sequences
at low- and high-field MRI of breast lesions (IV). The numbers are percentages.
MRI

Image quality

Fat suppression

Poor

Fair

Good

Poor

Fair

Good

–
–
–
2

6
10
4
63

94
90
96
35

na
1*
na
na

na
91*
na
na

na
8*
na
na

–
–
2

7
7
29

93
93
69

6
1
13

43
24
40

51
75
47

Low field
FE 3D T1 sag
FE 3D T1 sag + C
FE 3D T1 tra
Subtracted images
High field
SE T1 sag fs
SE T1 sag fs + C
Efgre 3D tra fs

*fat suppression performed by post-processing. MRI = magnetic resonance imaging, FE = field echo,
3D = three dimensional, sag = sagittal, C = contrast, tra = transverse, SE = spin echo, fs = fat-suppressed,
efgre = enhanced fast gradient echo, na = not applicable.

At low field the mean relative enhancement of benign lesions was 66% (range 18–134%),
95% CI 14–118% and of malignant lesions 124% (range 102–147%), 95% CI 102–147.
At high field the figures were 148% (range 32–376%), 95% CI –22–318% and 369%
(range 116–573%), 95% CI 295–444%, respectively.

6 Discussion
The diagnostics of breast tumors according to present clinical practice is based on the
triple assessment of clinical examination, imaging methods, primarily mammography,
and needle biopsy. In this study, complementary imaging methods were evaluated. Bmode US and FNAB were investigated and the accuracy of US was compared to the
accuracy of mammography. In addition, the usefulness of US was further assessed by
evaluating not just the morphology, but also the vascularity of tumors by means of nonenhanced and enhanced power Doppler. The dynamic power Doppler US was compared
to dynamic MR imaging to find out whether similarities in enhancement kinetics could be
found. Low-field MR imaging is an appealing concept due to lower costs and open
design more suitable for interventional procedures. The feasibility of low-field MRscanner in breast diagnostics was evaluated by comparing it to high-field MR imaging
system, which has already proved to be very sensitive in diagnosing breast lesions.
Malignancy was found to be unlikely if the mammographic, US and cytologic findings
were all benign. At B-mode US, clearly benign lesions were benign with a high
probability, but only few lesions fulfilled the strict criteria which have to be set to
eliminate false negative findings. Evaluating tumor vascularity by the means of power
Doppler and US contrast agent was of limited value. Despite a variety of quantitative
variables used, no threshold values could be set which would have been useful in clinical
routine. Dynamic MR imaging was found to be accurate in diagnosing solid breast
lesions. The most important diagnostic parameter proved to be the shape of the timesignal intensity curve. Low-field MR imaging seemed comparable to high-field MR
breast imaging.
The material in this study is selected according to inclusion criteria to involve either
palpable or mammographically or sonographically detectable focal lesions. Therefore it
was not the real sensitivity of each modality, but the proportion of right positive findings
in each selected material that was evaluated. The purpose of this study was to compare
the adjunctive modalities to mammography and to each other rather than to assess the real
sensitivity or specificity of each modality.
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6.1 B-mode ultrasonography
In Study I, according to the original radiologic reports, 96% of all the palpable lesions
and 98% of the cancers were visualized as a local abnormality (tumor or architectural
distortion) at US. This result is well comparable with the studies of Pamilo et al. (1991)
and Ciatto et al. (1994), where US visualized 100% and 93%, respectively, of palpable
cancers when the results of palpation and mammography were known at the time of the
US examination. This has been further confirmed by Georgian-Smith et al. (2000). In
their study, US detected all 293 palpable cancers in patients in whom a biopsy was
recommended based on mammographic and/or clinical findings. It must be emphasized
that lesion palpability favors US, because palpation finding is much easier to correlate to
US than to mammographic finding. Furthermore, the awareness of mammographic
findings at the time of US examination has inevitably increased the accuracy of US.
Consequently, the two methdos cannot be compared in a purely blind fashion, although
mammographic and US images were retrospectively analyzed also blindly in the present
study.
It is likely that US has only limited additional value in cases where the mammographic
finding is already unequivocal, i.e. in cases of a distinct tumor or microcalcifications.
Cancer presenting as isolated microcalcifications is not usually detectable at US (Pamilo
et al. 1991, Gordon & Goldenberg 1995), although the latest high-frequency techniques
are able to reveal structural alterations or tiny, echogenic spots that correspond to the
mammographic image of microcalcifications (Cilotti et al. 1997, Rizzatto et al. 1997,
Yang et al. 1997, Rissanen et al. 1998a, Moon et al. 2002, Soo et al. 2002). As far as
palpable tumors are concerned, the visibility of microcalcifications is not a major
problem, because a palpable mass is seldom seen as microcalcifications only. The present
study (I) included two such lesions, both histologically malignant. US revealed a tumor in
both cases.
In the cases where the mammographic finding of the palpable mass is ambiguous or
negative or mammography cannot be performed (as was the case in diagnosing 8
carcinomas in Study I), the distinctly abnormal US finding helps the radiologist to
classify the lesion as neoplastic rather than benign fibrotic tissue. Mammography is
especially liable to remain false negative in a dense breast. In a recent study of Vignal et
al. (2002) it was presented that in dense breast, mammography is unable to distinguish
the difference between the hydration of the surrounding dense parenchyma and the
hydration of the tumor, which is hyaluronan-rich. On the contrary, the shape of the US
image of breast cancer was found to be similar to the shape of the histologic section of
the tumor, i.e. its hyaluronan extracellular matrix. According to these preliminary results,
the hyaluronan accumulation in the tumor stroma explains the hypoechogenicity of a
tumor compared to the hyperechogenicity of the surrounding tissue (glandular and
fibrous structures).
In the blinded analysis, 90% (35/39) of the US findings and 64% (25/39) of the
mammographic findings were correctly classified as malignant. If the indeterminate
findings are included, the sensitivity was 97% (38/39) for both modalities. In a study
published by Lister et al. (1998), US had significantly higher sensitivity than
mammography (93% versus 57%) in detecting malignancy among clinically benign,
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discrete breast masses. Their study included no invasive cancers with normal US
findings, and the only malignancy that appeared sonographically benign was also
interpreted as benign at mammography. Thus, mammography did not provide additional
sensitivity in any of the cases. In the present study, mammography and US were clearly
more complementary. One cancer was classified as benign at mammography, but
indeterminate at US, while another was US-negative but malignant at mammography.
Histologically, both were lobular carcinomas, a subtype of breast cancer that is often
difficult to diagnose with mammography and US because of subtle changes that may
mimic normal breast parenchyma (Paramagul et al. 1995, Rissanen et al. 1998b). There
were no cancers that were false negative at both modalities. US increased the grade of
suspicion of 11 mammographically indeterminate cancers. Thus, US was helpful in
assessing 12 cancers (31% of all histologically malignant lesions) that were
mammographically negative or equivocal. This result supports the view of US as a
method that helps to increase the certainty of malignancy in the selected cases where
mammography has limitations (Bassett et al. 1987, Stavros et al. 1995). Recent studies
(Soo et al. 2001, Moy et al. 2002, Shetty & Shah 2002) have presented negative
predictive values of 97–100% of combined mammography and US evaluation of palpable
abnormalities. Knowledge of the high negative predictive value of combined
conventional breast imaging would be valuable for clinicians when deciding whether a
palpable abnormality requires a surgical biopsy or just follow-up.
Also in Study II (which also included nonpalpable lesions), the vast majority, 91%, of
cancers visible at US could be correctly classified as malignant, which is comparable to
the 98% and 86% sensitivity presented by Stavros et al. 1995 and Chao et al. 1999,
respectively, and also to more recent studies where sensitivity to cancer has been
calculated for mammography and US combined (Georgian-Smith et al. 2000, Özdemir et
al. 2001, Moy et al. 2002, Shetty & Shah 2002). None of the 34 cancers in the present
study were classified as benign (three were classified as indeterminate), suggesting that
US could be used to exclude malignancy in selected cases when strict criteria are used.
While providing valuable additional information concerning carcinomas, US proved to
be clearly less reliable in confirming the benign nature of palpable breast lesions. In
Study I, US accounted for 21% (5/24) and mammography for 4% (1/24) of false positive
ratios. If the indeterminate findings are included, the number is quite high, 46% (11/24),
for both modalities. In Study II, the false positive ratio for US was even higher, 73%.
These figures are, however, comparable to the false positive ratios ranging from 32% to
71% in previous studies addressing sonographic features in the differential diagnosis of
palpable and nonpalpable solid breast lesions (Stavros et al. 1995, Skaane & Engedal
1998, Chao et al. 1999, Rahbar et al. 1999). In the study of Zonderland et al. (1999) even
a specificity of 98% was obtained, but this was for mammography and US combined. In a
later study of Özdemir et al. (2001) the specificity was calculated for mammography and
US combined separately for lesions 10 mm and smaller and those larger than 10 mm. The
figures were 89% and 70%, respectively. When studying palpable lesions, which are
often symptomatic or otherwise alarming enough to indicate surgical removal, the high
rate of false positive results can be considered less harmful than in cases where US is the
only method to visualize a clinically occult lesion which ultimately turns out to be
benign. Nor was the low specificity surprising in view of the strict criteria of benignity
used in the blinded review in order to minimize false negative results.

54
One of the most common difficulties in the diagnostics of breast lesions is the
differentiation of fibroadenoma from cancer. This concerns both mammography (Tabár
1998) and US (Sohn et al. 1999) as well as fine-needle aspiration biopsy cytology
(Sneige et al. 1994). The present results support these previous findings. Only one of the
14 fibroadenomas in Study II was correctly classified as benign according to the
morphologic US criteria. All the remaining fibroadenomas were classified as
indeterminate (n = 12) or malignant (n = 1).

6.2 Findings of fine-needle aspiration biopsy
In Study I, the sensitivity of FNAB was 92%, the specificity 83%, and the overall
accuracy 88%, which are accordant with the reported figures (sensitivity range from 65%
to 99%, specificity from 64% to 100%, and overall accuracy from 81% to 98%) (Jackson
1992, Ciatto et al. 1993, Gordon et al. 1993, Jackson 1995b, Saarela et al. 1996). More
recent studies have achieved the same accuracy (Thibault et al. 2000, Buchbinder et al.
2001). In the present study, the number of insufficient samples was low, only 2 of 57
(4%), while in the multicenter trial of Pisano et al. (1998), FNAB yielded insufficient
samples for 34% of patients. Inadequate samples were found to be associated with
calcified lesions, and particularly in the case of benign lesions, but not with lesion size as
presented previously (Eisenberg et al. 1986). Two of the 3 false negative cytologic results
in Study I were obtained from an invasive ductal carcinoma and one from a phyllodes
tumor which was cytologically classified as a fibroadenoma. Phyllodes tumor is a
specific problem because of its complex histologic behavior. In the study of Gordon et al.
(1993), the sensitivity of US-guided FNAB cytology was 96% in a group of palpable
breast lesions, and the 7 false negative cancers included 4 phyllodes tumors, all
interpreted as fibroadenomas at the cytologic examination (Gordon et al. 1993). In
addition to phyllodes tumor, there are also other lesions liable to misinterpretation.
Lobular and tubular carcinomas, which consist of epithelial cells interspersed in fibrous
stroma, are usually hypocellular on FNA and may hence be missed (Eisenberg et al.
1986). In the present study, all the lobular carcinomas that were examined with FNAB
were true positive cytologically, which is a good result in view of the known difficulties.
It is noteworthy that all the 3 cytologically false negative carcinomas were classified
as malignant either mammographically or sonographically or with both methods, and
both of the 2 cancers that were missed at either mammography or US were cytologically
strongly suspicious or conclusive of malignancy. Thus, there were no false negative
malignancies in the three modalities combined. It must be emphasized that this material
included only palpable tumors, and the results may not be repeatable in non-selected
material with small nonpalpable lesions.
FNAB has been largely replaced by core needle biopsy. It can, however, still be
regarded efficacious in evaluating selected breast abnormalities, although it is not
considered reliable in diagnosing cancer invasiveness.
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6.3 Evaluation of tumor vascularity
6.3.1 Unenhanced and enhanced power Doppler ultrasonography
6.3.1.1 Subjective and quantitative analysis of vascularity
Breast tumor vascularization was first examined by conventional angiography, which was
found to be a complementary method to mammography and thermography in uncertain
cases, although the findings were nonspecific (Sakki 1974). Sonographic Doppler
techniques and the development of contrast agents have opened up possibilities for
noninvasive investigation of the vascularity of tumors.
Doppler US could be thought to increase diagnostic confidence in two ways, either by
showing vascularity in morphologically benign cancers (even in cancers with a negative
B-mode finding), or by supporting the benign nature of lesions that are benign or
indeterminate at B-mode US. In the present study (II), 31 of the 34 cancers were correctly
classified as malignant according to morphology. For these lesions, neither the
unenhanced nor the enhanced power Doppler US was able to increase the already high
accuracy of B-mode US. In the three other cancers (classified as indeterminate), Doppler
US increased the grade of suspicion in one case. As a whole, the assessment of
vascularity did not provide any essential additional information in evaluating rounded
lesions, which are more difficult to classify according to morphology than spiculated
lesions. In the case of spiculated cancers, contrast-enhanced US improved diagnostic
accuracy compared to unenhanced power Doppler US, but morphologic analysis
remained the most useful method.
As US-negative lesions were excluded from the study, the ability of Doppler to detect
otherwise occult cancers could not be evaluated.
In studies of Kedar et al. (1996) and Albrecht et al. (1998), 100% sensitivity was
obtained with contrast-enhanced Doppler US. One reason of this remarkably good result
might be timing of the transit of a contrast agent bolus, which was an essential criterion
in differential diagnostics. This is, however, a complicated technique for routine use.
Image acquisition technique may be one source of the poor results in the quantitative
analysis in the present study, because the inhomogeneities of intratumoral blood flow
with pulsatile change of the color intensity offer a wide range of data for the same lesion
in the course of time. During Study II, there was no electrocardiographic pacing or online
frame-grabbing facility available, which may have caused some "false negative" images
in image grabbing.
Considering the usefulness of Doppler US in diagnosing benign lesions, power
Doppler US improved the diagnostic accuracy of US in about two thirds of the benign
cases with an indeterminate B-mode US finding. This suggests that vascularity
assessment could be useful in the analysis of this problematic group, which seems to be
considerably larger than the group of equivocal malignancies. Power Doppler US also
increased diagnostic accuracy in the group of 8 benign lesions classified as malignant at
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B-mode US. All the 6 rounded lesions were correctly classified as benign, but one of two
spiculated lesions was false positive. The contrast agent, on the contrary, did not provide
much useful differential diagnostic information in either group, except that both of the
two spiculated lesions were true negative after enhancement.
After power Doppler US, less than 50%, and after contrast-enhanced power Doppler
US, only one third of fibroadenomas were classified as benign. It could be argued that the
hyperplastic, growing fibroadenomas of young women are more vascular than the
degenerative fibroadenomas of older women. There was, however, no correlation
between the age range of the patients and the vascular behavior of the fibroadenomas.
Most of the benign lesions that had malignant vascular features were fibroadenomas.
The use of a quantitative assessment of vascularity in differential diagnostics requires
threshold values to be set for different variables. A resistance index of > 0.7 has been
suggested to be indicative of malignancy (Peters-Engel et al. 1995), but this finding has
not obtained general acceptance for clinical practice. Nor have other investigators with
quantitative assessment of vascularity been able to introduce threshold values despite the
statistically significant differences between benign and malignant lesions (Sahin-Akyar &
Sumer 1996, Grüner et al. 1998). According to the results of the quantitative analysis in
the present study, highly vascular lesions were malignant with a high probability, but a
considerable proportion of malignancies showed low vascularity. Color Doppler variables
that would have been able to differentiate between benign and malignant lesions were
found, but due to considerable overlap (20–40% of the lesions), it was found unfeasible
to set threshold values. Özdemir et al. (2001) did not find significant index differences
between benign and malignant lesions, either. The indices used (resistance index,
pulsatility index and acceleration index) were different from those used in Study II. They
found vascular morphologic analysis to be the most sensitive Doppler technique, which
significantly improved diagnostic specificity when added to mammography and B-mode
US. Morphology analysis was not performed in the present study. After the
administration of contrast agent, the number and the total area of color-filled vessels
varied significantly between malignancies and benign lesions, except for fibroadenomas.
The difficulty in differentiating between fibroadenomas and carcinomas encountered in
the subjective analysis of vascularity could not be overcome in the quantitative analysis.

6.3.1.2 Analysis of time-signal intensity curves
There are only few studies concerning dynamic contrast-enhanced US (Albrecht et al.
1998, Huber et al. 1998), and no generally accepted criteria for evaluating US time-signal
intensity curves have been established. There are methodological differences between the
two previously published studies and the present study (III), but based on their results, as
well as the results of the present study, it seems very difficult to predict, on the basis of
individual curve type, whether the breast lesion is benign or malignant.
As malignant lesions are thought to be more vascular than benign lesions, the US
dynamic curves were classified into three groups on the basis of the enhancing area at the
time of peak enhancement. However, only five of the 25 carcinomas (20%) were
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correctly classified as malignant, and most carcinomas (14/25) remained in the ”benign”
class. Thus, the results of the study of Albrecht et al. (1998), in which contrast
enhancement improved sensitivity from 88% to 100%, could not be repeated. In that
study, the analysis also included lesion morphology, which most probably influenced the
result. In the present study, the false negative carcinomas were smaller (median
sonographic size 15 mm) than the correctly classified carcinomas (median sonographic
size 25 mm), which may partly explain the misinterpretation. Most (80%) of the true
positive carcinomas were histologically grade III, but there were grade III carcinomas
even in the ”benign” class, which means that the histologic grade of differentiation
cannot explain the false negative findings. It is known that some carcinomas are really
hypovascular, and maybe the smallest vessels in the others cannot be detected despite the
up-to-date power Doppler technique and contrast enhancement. It has been presented that
Doppler ultrasonography supplies information on tumor macrovascularity rather than
microvascularity (Peters-Engl et al. 1998).
The quantitative analysis of the mean curves using the slope of the curve and the area
under the curve showed a clear tendency between the three diagnostic groups, but the
differences did not reach statistical significance. This may be due to the small number of
cases. The poor reliability of the quantitative analysis of the contrast-enhanced US
parameters is in agreement with the previously published results of Albrecht et al. (1998)
and Huber et al. (1998).
Some authors have registered a shorter time to peak enhancement and/or a longer
persistence of enhancement in malignancies (Sohn et al. 1993, Huber et al. 1998), but no
significant differences were seen in two recent studies (Alamo & Fischer 2001, Yang et
al. 2001). In Study III, carcinomas were found to reach their peak enhancement earlier
than benign lesions, but individual variation was great. This was partly due to the large
oscillation in the primary curves, which made exact measurement difficult. None of the
several efforts to mathematically smoothen the curves were helpful, either.
The results of the present study concerning the Doppler techniques in differential
diagnostics of solid breast tumors were not very optimistic, but as presented by most
investigators (Giuseppetti et al. 1994, Sahin-Akyar & Aumer 1996, Buadu et al. 1997b,
Raza & Baum 1997, Milz et al. 1998, Kook et al. 1999, Lee et al. 2002), Doppler
techniques might be an additional diagnostic tool in some selected cases. In the present
study, the reported (Kedar et al. 1996, Albrecht et al. 1998, Grüner et al. 1998, Huber et
al. 1998) usefulness of enhancement could not be confirmed. This result is in agreement
with one presented series (Spreafico et al. 1994). In all these studies, the first generation
contrast agent without harmonic imaging was used. This means that calculating the timesignal intensity curves was affected by continuous bubble destruction by the high US
mechanical energy, which most probably decreases the accuracy of quantification.
One potential field of contrast enhancement is in differentiation of postoperative scar
and cancer recurrence, which demonstrate nonspecific findings at both mammography
and conventional ultrasonography. In a few studies (Winehouse et al. 1999, Bäz et al.
2000, Stuhrmann et al. 2000), contrast-enhanced Doppler ultrasonography was found to
improve diagnostic accuracy in differential diagnosis of benign and malignant scar lesion.
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6.3.2 Magnetic resonance imaging and comparison to enhanced
power Doppler ultrasonography
Differential diagnosis of MR imaging-visible breast lesions includes analysis of lesion
morphology and the dynamics of contrast enhancement (Liu et al. 1998, Baum et al.
2002). When dealing with small lesions (10 mm and smaller), analysis of morphology
and lesion borders is demanding because of limited spatial resolution. If higher spatial
resolution is desired it leads to longer imaging times. This may sacrifice temporal
resolution and meaningful time-signal intensity curves which are an important factor in
differential diagnosis (Kuhl et al. 1999).
In Study III, the accuracy of the MR imaging time-signal intensity curve type was
90% in differentiating between benign and malignant breast lesions, which is well
comparable to the previous studies (Liu et al. 1998, Kuhl et al. 1999). It is noteworthy
that fibroadenomas, which are often liable to misinterpretations, were all correctly
differentiated from malignant lesions. The lack of the washout phenomenon seems to be
the most useful criterion. The underlying cause of the constantly increasing accumulation
of contrast in fibroadenomas remains unclear. It has been hypothesized (Kuhl et al.
1997a) that the mechanism of signal intensity increase after the administration of contrast
agent is different for fibroadenomas and malignant lesions, but further studies are still
needed. It also remains to be investigated whether MR imaging can eliminate the need for
a biopsy of fibroadenomas. In case of multiple lesions it might be feasible. A recent study
of Kinoshita et al. (2002) evaluated the usefulness of diffusion-weighted imaging in
differentiating invasive ductal carcinoma from fibroadenoma. The mean apparent
diffusion coefficient of fibroadenoma was significantly higher than that of invasive ductal
carcinoma, but the method had the limitation of low tumor detectability. The small
number of patients (n = 16) also inhibits further conclusions.
In the quantitative analysis, the area under the MR curve made it possible to
differentiate between malignant and benign lesions except for fibroadenomas. No
quantitative analysis using the area under the curve in differential diagnosis of breast
lesions has been published previously. However, this variable was not better than the
slope or the relative enhancement, which were also unable to differentiate between
fibroadenomas and malignant lesions. The considerable overlapping in the quantitative
analyses of the enhancement dynamics has also been recognized in studies of Orel et al.
(1994) and Stomper et al. (1995).
Lesion enhancement ratio is one aspect frequently used in lesion characterization
(Kuhl et al. 1999, Baum et al. 2002). It has been observed, however, that there may be
considerable overlapping between the enhancement ratios of benign and malignant
lesions, and no uniform criteria can be achieved because of different types of scanners,
imaging protocols and dose of contrast agent (Kuhl et al. 1999, Orel & Schnall 2001).
The results of studies published by Liu et al. (1998) and Kuhl et al. (1999), in which the
threshold of 80–90% relative enhancement of the lesion between pre- and post-contrast
images has been presented to be indicative of malignancy could not be repeated in the
present study (III). In Study IV, as expected, the lesions enhanced to a higher degree at
high field compared to low field: there was an approximately 2-fold difference in benign
lesions and 3-fold difference in malignant lesions. The results are in accordance with
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phantom measurements considering field strength dependence of MR imaging contrast
enhancement (Hittmair et al. 1996). This might lead to misclassification if criteria
established at high field were used to classify lesions detected at low field. Therefore
relative enhancement ratio appears less than an ideal parameter for differential diagnosis
in breast MR imaging.
The differences in the shape of the time-signal intensity curves in MR imaging and
power Doppler US indicate how differently the two methods reflect tumor vascularity.
The microbubble contrast agent used at US remains in the vessels and measures blood
volume, whereas MR imaging with contrast agent mainly measures vessel permeability
and extracellular space. Vessel density (reflecting the blood volume) is perhaps the most
widely used factor to correlate with angiogenesis. There are studies supporting the notion
that contrast-enhanced US enables differentiation between benign and malignant lesions
by quantifying microvessel density (Kedar et al. 1996, Winehouse et al. 1999, Yang et al.
2001), but controversial results have also been presented (Stuhrmann et al. 2000, Alamo
& Fischer 2001). In some MR imaging studies (Frouge et al. 1994, Buadu et al. 1997a), a
positive correlation between tumor enhancement and microvessel density has also been
found, but in the study of Knopp et al. (1999), vascular permeability was suggested to
contribute to the more characteristic differences in enhancement patterns. There is one
previous study (Alamo & Fischer 2001) comparing breast tumor vascularity with
dynamic MR imaging and contrast-enhanced Doppler US. The authors did not find any
correlation between the two methods, which is in accordance with the results of the
present study.
The high cost of high-field MR imaging and the lack of appropriate MR imaging
biopsy guiding methods, which are needed when evaluating lesions observed only by MR
imaging limit the use of MR imaging as an adjunct to conventional methods such as
mammography and US. A low-field open MR imaging unit could be a solution to these
problems: lower equipment costs lead to lower prices and the open configuration allows
easy access in breast biopsies. High-quality diagnostic imaging with a sensitivity and
specificity comparable to high-field MR imaging is, however, the prerequisite if low-field
MR imaging is to play a role in diagnosing breast diseases. Previous experience in
comparing low- to high-field MR imaging has yielded good results in screening for
retrocochlear disorders (Dubrulle et al. 2002), while the performance in musculoskeletal
imaging has been contradictory (Cotten et al. 2000, Woertler et al. 2000).
In the preliminary study (IV) of 28 patients with 34 breast lesions a similar
performance of low- and high-field MR imaging was found, and the sensitivity and
specificity were also comparable in the 27 breast lesions with biopsy confirmation.
Sensitivity and specificity may not be reliable estimates of the performance of the
scanners because of the small material. In spite of that, these estimates were used as help
in comparison between the scanners, and the sensitivity and specificity values seemed to
parallel previous experience with high-field units (Nunes et al. 1997a, Liu et al. 1998,
Kuhl et al. 1999, Fischer et al. 1999).
Lesions that escape detection with conventional methods are expected to be small in
size. This implies that resolution at MR imaging has to be high enough to detect these
lesions. The smallest lesions observed in the present study at low- and high-field MR
imaging were 6 mm in diameter and the smallest malignant lesion found was 8 mm. It
seems that the spatial resolution used here (pixel size 1.8×1.8 mm–2.0×2.0 mm at low
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field and 1.1×2.2 mm–1.6×3.1 mm at high field with 2.6–4 mm slice thickness in the
dynamic series) was good enough to detect lesions that are of relevant size to consider
biopsy under MR-guidance (Kuhl et al. 2001).
When considering the imaging protocols between low and high field there were no
major differences in imaging times between the scanners, although obtaining T1weighted sagittal images at low field took more than 1 min longer. At low field 3D field
echo imaging was used in the sagittal series while 2D spin echo was used at high field.
3D imaging was chosen at low field to compensate for the lower signal-to-noise ratio. 3D
sequences also offer better T1 contrast and are more sensitive to the T1-shortening effects
of gadolinium, which are lower at low field. 3D imaging was used in both scanners
during the dynamic series where imaging speed is crucial along with the aforementioned
aspects.
Lesion conspicuity at high field was in general better than at low field, except in fat
suppressed contrast-enhanced T1-weighted sagittal images (post-processed at low field)
which reached the same conspicuity value. General image quality was also poorer in
subtracted dynamic images at low field compared to the dynamic fat suppressed images
at high field. Image subtraction is very prone to patient movement and even slight
movement during the comparatively long dynamic series (7x 1 min) may cause
significant artifacts and make the detection of small lesions difficult. Uniformity of fat
suppression was also inferior in post-processed images at low field compared to high
field. These factors did not play a major role, however, as seen in the comparable
performance of the scanners and comparable sensitivity and specificity.

6.4 Future aspects in assessing tumor vascularity
In the first generation US contrast agents, the gas bubbles composed of air are fragile and
therefore their circulation time is quite short, the duration of enhancement being only up
to about 3 minutes. The continuous bubble destruction caused by high US mechanical
energy impairs the calculation of time-signal intensity curves (Rizzatto et al. 2001).
Recently, second generation contrast agents have been developed. These agents are made
of stabilized microbubbles of gases of high molecular weight and low solubility in water
(mainly perfluorocarbons), which provide a better resistance to pressure and thus a longer
persistence in the circulation compared to the first generation agents. They have a strong
harmonic emission capability, which makes the use of low mechanical index possible
(Rizzatto et al. 2001). This further prevents the destruction of microbubbles and allows
more continuous scanning of the lesion. Low energy ultrasound and dedicated software
for contrast-enhanced imaging (pulse/phase inversion) as well as new broadband linear
array transducers provide information of the tumor microvasculature, which has not been
possible with the first generation contrast agents. With this new technique enhancement
patterns can be assessed similarly to computed tomography or MR imaging using grayscale image. Clinical experience is available in evaluating liver lesions (Solbiati et al.
2001). This technique might bring new possibilities also to the differential diagnosis of
breast lesions.
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New MR imaging contrast agents are also under development. One of these is GdBOPTA (gadobenate dimeglumine). Unlike Gd-DTPA, Gd-BOPTA interacts weakly and
transiently with serum albumin, which results in a two-fold increase of the T1 relaxation
time compared to Gd-DTPA. This for its part allows a higher degree of enhancement at
the same dose of contrast agent. Gd-BOPTA has also been reported to be well-tolerated
and safe (Kirchin et al. 2002). In clinical practice, it might be useful in evaluating small,
poorly vascularized or otherwise poorly enhancing lesions.
A standard small molecular contrast agent such as Gd-DTPA reflects tumor perfusion
patterns and diffuses also across intact capillaries in normal tissues, which results in
overlapping between benign and malignant tumors. New macromolecular MR contrast
agents (USPIO; ultra small superparamagnetic iron oxide), on the contrary, extravasate
only in case of a pathological distortion of the microvessel endothelium. The first clinical
study of Daldrup-Link et al. (2002) confirmed an abnormal extravasation and tumor
accumulation to be highly specific for malignancy. Tumor enhancement was lower
compared to Gd-DTPA, but the specificity was increased.
Effects of MR contrast agents in image voxels are not homogeneous. High spectral
and spatial resolution (HiSS) MR imaging seems to provide increased sensitivity
compared to conventional MR imaging. In the HiSS technique, a high-resolution proton
spectrum can be acchieved for each small image voxel. Changes in spectral components
reflect local anatomic and physiologic environments, particularly vascular structures.
Thus, even small areas with high angiogenic activity in tumors may be detectable, which
produces increase in sensitivity and specificity of breast MR imaging (Karczmar et al.
2002).
It has been presented that thermal abnormalities are associated with some breast
cancers (Sterns et al. 1996, Ohsumi et al. 2002), but real correlation to vascularity has not
yet been shown. In infrared imaging, physiologic features related to malignant tissue,
such as increased blood flow, angiogenesis, and the release of vasoactive mediators, may
contribute to infrared signal, which has been presented to be higher in malignancies
(Parisky et al. 2003).
It is likely that despite the development of new contrast agents and technological
improvements Doppler techniques and MR imaging will not replace mammography, Bmode US and needle biopsies in differential diagnosis of breast lesions. However,
together with more thorough understanding of angiogenesis they might have potential in
evaluating tumor aggressiveness, in staging, and even in therapeutic procedures.

7 Conclusions
1. B-mode US and FNAB were useful complementary diagnostic tools with
mammography when evaluating palpable solid breast lesions. Since malignancy was
unlikely if the mammographic, US, and cytologic findings were all benign, active
and critical use of all these modalities has the potential to reduce the need for
surgical biopsies of benign breast lesions.
2. Power Doppler US and contrast-enhanced power Doppler US provided only limited
additional information in differentiating solid breast lesions. Rounded lesions were
found to be more vascular than spiculated lesions, but vascular assessment was
helpful only when it supported a benign morphology.
3. The dynamics of contrast-enhancement at MR imaging was superior to US in the
differential diagnosis of solid breast lesions. The MR imaging time-signal intensity
curve shape was the most useful factor, and in this material, the presence of the
washout phenomenon made it even possible to differentiate carcinomas from
fibroadenomas.
4. The performance of low- and high-field-strength MR-scanners was found
comparable in diagnosing breast disorders.

References
Alamo L & Fischer U (2001) Contrast-enhanced color Doppler ultrasound characteristics in
hypervascular breast tumors: comparison with MRI. Eur Radiol 11:970–977.
Albrecht T, Patel N, Cosgrove DO, Jayaram V, Blomley MJK & Eckersley R (1998) Enhancement
of power Doppler signals from breast lesions with the ultrasound contrast agent EchoGen
emulsion: subjective and quantitative assessment. Acad Radiol 5 (Suppl 1):S195–S198.
Arger PH, Sehgal CM, Conant EF, Zuckerman J, Rowling SE & Patton JA (2001) Interreader
variability and predictive value of US descriptions of solid breast masses: pilot study. Acad
Radiol 8:335–342.
Ballo MS & Sneige N (1996) Can core needle biopsy replace fine-needle aspiration cytology in the
diagnosis of palpable breast carcinoma. Cancer 78:773–777.
Bamber JC (1999) Ultrasound elasticity imaging: definition and technology. Eur Radiol 9 (Suppl
3):S327–S330.
Bassett LW, Kimme-Smith C, Sutherland LK, Gold RH, Sarti D & King III W (1987) Automated
and hand-held breast US: effect on patient management. Radiology 165:103–108.
Bassett LW, Ysrael M, Gold RH & Ysrael C (1991) Usefulness of mammography and sonography
in women less than 35 years of age. Radiology 180:831–835.
Baum F, Fischer U, Vossgebrich R & Grabbe E (2002) Classification of hypervascularized lesions
in CE MR imaging of the breast. Eur Radiol 12:1087–1092.
Berg WA, Hruban RH, Kumar D, Singh HR, Brem RF & Gatewood OMB (1996) Lessons from
mammographic-histopathologic correlation of large-core needle breast biopsy. RadioGraphics
16:1111–1130.
Berghammer P, Obwegeser R & Sinzinger H (2001) Nuclear medicine and breast cancer: a review
of current strategies and novel therapies. Breast 10:184–197.
Boetes C, Mus RDM, Holland R, Barentsz JO, Strijk SP, Wobbes T, Hendriks JHCL & Ruys SHJ
(1995) Breast tumors: comparative accuracy of MR imaging relative to mammography and US
for demonstrating extent. Radiology 197:743–747.
Boetes C, Strijk SP, Holland R, Barentsz JO, van der Sluis RF & Ruijs JHJ (1997) False-negative
MR imaging of malignant breast tumors. Eur Radiol 7:1231–1234.
Britton PD, Flower CDR, Freeman AH, Sinnatamby R, Warren R, Goddard MJ, Wight DGD &
Bobrow L (1997) Changing to core biopsy in an NHS breast screening unit. Clin Radiol
52:764–767.
Buadu LD, Murakami J, Murayama S, Hashiguchi N, Sakai S, Toyoshima S, Masuda K, Kuroki S
& Ohno S (1997a) Patterns of peripheral enhancement in breast masses: correlation of findings
on contrast medium enhanced MRI with histologic features and tumor angiogenesis. J Comput
Assist Tomogr 21:421–430.

64
Buadu LD, Murakami J, Murayama S, Hashiguchi N, Toyoshima S, Sakai S, Yabuuchi H, Masuda
K, Kuroki S & Ohno S (1997b) Colour Doppler sonography of breast masses: a multiparameter
analysis. Clin Radiol 52:917–923.
Buchbinder SS, Gurell DS, Tarlow MM, Salvatore M, Suhrland MJ & Kader K (2001) Role of USguided fine-needle aspiration with on-site cytopathologic evaluation in management of
nonpalpable breast lesions. Acad Radiol 8:322–327.
Bäz E, Madjar H, Reuss C, Vetter M, Hackelöer B & Holz K (2000) The role of enhanced Doppler
ultrasound in differentiation of benign vs. malignant scar lesion after breast surgery for
malignancy. Ultrasound Obstet Gynecol 15:377–382.
Chao T-C, Lo Y-F, Chen S-C & Chen M-F (1999) Prospective sonographic study of 3093 breast
tumors. J Ultrasound Med 18:363–370.
Ciatto S, Catarzi S, Morrone D & Rosselli Del Turco M (1993) Fine-needle aspiration cytology of
non- palpable breast lesions: US versus stereotaxic guidance. Radiology 188:195–198.
Ciatto S, Rosselli Del Turco M, Ambrogetti D, Bravetti P, Catarzi S, Morrone D & Cariaggi MP
(1997) Solid nonpalpable breast lesions: success and failure of guided fine-needle aspiration
cytology in a consecutive series of 2444 cases. Acta Radiol 38:815–820.
Ciatto S, Rosselli Del Turco M, Catarzi S & Morrone D (1994) The contribution of
ultrasonography to the differential diagnosis of breast cancer. Neoplasma 41:341–345.
Cilotti A, Bagnolesi P, Moretti M, Gibilisco G, Bulleri A, Macaluso AM & Bartolozzi C (1997)
Comparison of the diagnostic performance of high-frequency ultrasound as a first- or secondline diagnostic tool in non-palpable lesions of the breast. Eur Radiol 7:1240–1244.
Cosgrove DO, Kedar RP, Bamber JC, Al-Murrani B, Davey JBN, Fisher C, McKinna JA, Svensson
WE, Tohno E, Vagios E & Alsanjari NA (1993) Breast diseases: color Doppler US in
differential diagnosis. Radiology 189:99–104.
Cotten A, Delfaut E, Demondion X, Lapègue F, Boukhelifa M, Boutry N, Chastanet P & Gougeon
F (2000) MR imaging of the knee at 0.2 and 1.5 T: correlation with surgery. Am J Roentgenol
174:1093–1097.
Coveney EC, Geraghty JG, O´Laoide R, Hourihane JB & O´Higgings NJ (1994) Reasons
underlying negative mammography in patients with palpable breast cancer. Clin Radiol 49:123–
125.
Cyrlak D & Wong CH (1993) Mammographic changes in postmenopausal women undergoing
hormonal replacement therapy. Am J Roentgenol 161:1177–1183.
Daldrup-Link HE, Kaiser A, Link TM, Settles M, Helbich T, Werner M, Roberts TPL & Rummeny
EJ (2002) Comparison between gadopentetate and feruglose (ClariscanTM)-enhanced MRmammography. Acad Radiol 9 (Suppl 2):S343–S347.
Dalla Palma L & Bertolotto M (1999) Introduction to ultrasound contrast agents: physics overview.
Eur Radiol 9 (Suppl 3):S338–S342.
Daniel BL, Birdwell RL, Ikeda DM, Jeffrey SS, Black JW, Block WF, Sawyer-Glover AM, Glover
GH & Herfkens RJ (1998) Breast lesion localization: a freehand, interactive MR imagingguided technique. Radiology 207:455–463.
Dean KI & Komu M (1994) Breast tumor imaging with ultra low field MRI. Magn Reson Imaging
12:395–401.
Dean KI, Komu M, Dean PB & Kormano M (1994) Magnetization transfer contrast in
gadopentetate-dimeglumine –enhanced breast magnetic resonance imaging at 0.1 Tesla. Invest
Radiol (Suppl 2):S302–S303.
Dean PB & Pamilo M (1999) Screening mammography in Finland - 1.5 million examinations with
97 percent specificity. Acta Oncol (Suppl 13):S47–S54.
Dershaw DD (1995) Evaluation of the breast undergoing lumpectomy and radiation therapy. Radiol
Clin North Am 33:1147–1160.
Dubrulle F, Delomez J, Kiaei A, Berger P, Vincent C, Vaneecloo F-MM & Lemaitre L (2002)
Mass screening for retrocochlear disorders: low-field-strength (0.2-T) versus high-field-strength
(1.5-T) MR imaging. Am J Neuroradiol 23:918–923.

65
Duffy SW, Tabár L, Chen H-H, Holmqvist M, Yen M-F, Abdsalah S, Epstein B, Frodis E,
Ljungberg E, Hedborg-Melander C, Sundbom A, Tholin M, Wiege M, Åkerlund A, Wu H-M,
Tung T-S, Chiu Y-H, Chiu C-P, Huang C-C, Smith RA, Rosén M, Stenbeck M & Holmberg L
(2002) The impact of organized mammography service screening on breast carcinoma mortality
in seven Swedish counties. Cancer 95:458–496.
Dvorak HF, Brown LF, Detmar M & Dvorak AM (1995) Vascular permeability factor/vascular
endothelial growth factor, microvascular hyperpermeability, and angiogenesis. Am J Pathol
146:1029–1039.
Eisenberg AJ, Hajdu SI, Wilhelmius J, Melamed MR & Kinne D (1986) Preoperative aspiration
cytology of breast tumors. Acta Cytol 30:135–146.
Eklund GW & Cardenosa G (1992) The art of mammographic positioning. Radiol Clin North Am
30:21–53.
Elson EM, Jones A, King R, Chapman P, Stanek J, Irvine AT & Bingham JB (2002) Magnetic
resonance imaging of Trilucent TM breast implants. Clin Radiol 57:263–267.
Elster AD & Burdette JH (2001) Questions & answers in magnetic resonance imaging. Second
edition. Mosby, St. Louis, pp 54–56.
Entrekin R, Jackson P, Jago JR & Porter BA (1999) Real time spatial compound imaging in breast
ultrasound: technology and early clinical experience. Medica Mundi 43:35–43.
Finnish Cancer Registry (2003) The leading primary sites of cancer in 2000, by sex. Available
from: http://www.cancerregistry.fi/eng/statistics.htm
Fischer U, Kopka L & Grabbe E (1999) Breast carcinoma: effect of preoperative contrast-enhanced
MR imaging on the therapeutic approach. Radiology 213:881–888.
Fischer U, Vosshenrich R, Kopka L, Kahlen O & Grabbe E (1996) Kontrastmittelgestützte
dynamische MR-Mammographie nach diagnostischen und therapeutischen Eingriffen an der
Mamma. [German]. Bildgebung 63:94–100.
Folkman J & Klagsbrun M (1987) Angiogenic factors. Science 235:4442–447.
Folkman J, Merler E, Abernathy C & Williams G (1971) Isolation of a tumor factor responsible for
angiogenesis. J Exp Med 133:275–288.
Folkman J & Shing Y (1992) Angiogenesis. J Biol Chem 267:10931–10934.
Fornage BD (1999) Sonographically guided needle biopsy of nonpalpable breast lesions. J Clin
Ultrasound 27:385–398.
Frouge C, Guinebretière J-M, Contesso G, Di Paola R & Bléry M (1994) Correlation between
contrast enhancement in dynamic magnetic resonance imaging of the breast and tumor
angiogenesis. Invest Radiol 29:1043–1049.
Georgian-Smith D, Taylor KJW, Madjar H, Goldberg B, Merritt CRB, Bokobsa J, Rubin E,
Mendelson EB, Fornage BD, Rouse G, Wadden NAT, Dewbury KC, Cosgrove DO & Schmidt
R (2000) Sonography of palpable breast cancer. J Clin Ultrasound 28:211–216.
Gilles R, Meunier M, Lucidarme O, Zafrani B, Guinebretière J-M, Tardivon AA, Le Gal M, Vanel
D, Neuenschwander S & Arriagada R (1996) Clustered breast microcalcifications: evaluation by
dynamic contrast-enhanced subtraction MRI. J Comput Assist Tomogr 20:9–14.
Gilles R, Zafrani B, Guinebretière J-M, Meunier M, Lucidarme O, Tardivon AA, Rochard F, Vanel
D, Neuenschwander S & Arriagada R (1995) Ductal carcinoma in situ: MR imaging histopathologic correlation. Radiology 196:415–419.
Giuseppetti GM, Baldassarre S & Argalia G (1994) Evaluation of breast nodules with echo colour
Doppler sonography: preliminary findings. Eur Radiol 4:102–105.
Goldberg BB, Liu J-B, Burns PN, Merton DA & Forsberg F (1993) Galactose-based intravenous
sonographic contrast agent: experimental studies. J Ultrasound Med 12:463–470.
Gordon PB (1995) US for problem solving in breast imaging: tricks of the trade. RSNA Categorical
Course in Breast Imaging, pp 121–131.
Gordon PB & Goldenberg SL (1995) Malignant breast masses detected only by ultrasound. Cancer
76:626–630.
Gordon PB, Goldenberg SL & Chan NHL (1993) Solid breast lesions: diagnosis with US-guided
fine-needle aspiration biopsy. Radiology 189:573–580.

66
Grüner C, Schönwälder A, Schulz-Wendtland R, Lang N & Bautz W (1998) Welche Rolle spielt
die Farbdopplersonographie, unterstützt mit dem Echosignalverstärker LevovistR, in der
komplementären Mammadiagnostik? [German]. Akt Radiol 8:58–62.
ter Haar GR (2002) Ultrasonic contrast agents: safety considerations reviewed. Eur J Radiol
41:217–221.
Hakama M, Pukkala E, Heikkilä M & Kallio M (1997) Effectiveness of the public health policy for
breast cancer screening in Finland: population based cohort study. Br Med J 314:864–867.
Harvey JA (1999) Use and cost of breast imaging for postmenopausal women undergoing hormone
replacement therapy. Am J Roentgenol 172:1615–1619.
Hennerici M & Neuerburg-Heusler D (1998) Vascular diagnosis with ultrasound: clinical
references with case studies. Thieme, New York, p 2.
Herborn CU, Marincek B, Erfmann D, Meuli-Simmen C, Wedler V, Bode-Lesniewska B & KubikHuch RA (2002) Breast augmentation and reconstructive surgery: MR imaging of implant
rupture and malignancy. Eur Radiol 12:2198–2206.
Heywang-Köbrunner SH, Heinig A, Schaumlöffel U, Viehweg P, Buchmann J, Lampe D &
Spielmann R-P (1999) MR-guided percutaneous excisional and incisional biopsy of breast
lesions. Eur Radiol 9:1656–1665.
Heywang-Köbrunner SH, Schaumlöffel U, Viehweg P, Höfer H, Buchmann J & Lampe D (1998)
Minimally invasive stereotactic vacuum core breast biopsy. Eur Radiol 8:377–385.
Heywang-Köbrunner SH, Schlegel A, Beck R, Wendt T, Kellner W, Lommatzsch B, Untch M &
Nathrath WBJ (1993) Contrast-enhanced MRI of the breast after limited surgery and radiation
therapy. J Comput Assist Tomogr 17:891–900.
Heywang-Köbrunner SH, Viehweg P, Heinig A & Küchler C (1997) Contrast-enhanced MRI of the
breast: accuracy, value, controversies, solutions. Eur J Radiol 24:94–108.
Heywang SH, Wolf A, Pruss E, Hilbertz T, Eiermann W & Permanetter W (1989) MR imaging of
the breast with Gd-DTPA: use and limitations. Radiology 171:95–103.
Hittmair K, Turetschek K, Gomiscek G, Stiglbauer R & Schurawitzki H (1996) Field strength
dependence of MRI contrast enhancement: phantom measurements and application to dynamic
breast imaging. Br J Radiol 69:215–220.
Huber S, Helbich T, Kettenbach J, Dock W, Zuna I & Delorme S (1998) Effects of a microbubble
contrast agent on breast tumors: computer-assisted quantitative assessment with color Doppler
US - early experience. Radiology 208:485–489.
Hughes LE (1991) Classification of benign breast disorders. The ANDI classification based on
physiological processes within the normal breast. Br Med Bulletin 47:251–257.
Jackson VP (1992) The status of mammographically guided fine needle aspiration biopsy of
nonpalpable breast lesions. Radiol Clin North Am 30:155–166.
Jackson VP (1995a) Management of solid breast nodules: what is the role of sonography?
Radiology 196:14–15.
Jackson VP (1995b) The current role of ultrasonography in breast imaging. Radiol Clin North Am
33:1161–1170.
Kacl GM, Liu P-F, Debatin JF, Garzoli E, Caduff RF & Krestin GP (1998) Detection of breast
cancer with conventional mammography and contrast-enhanced MR imaging. Eur Radiol
8:194–200.
Kaiser WA & Zeitler E (1989) MR imaging of the breast: fast imaging sequences with and without
Gd-DTPA. Radiology 170:681–686.
Karczmar GS, Medved M, Bick U, MacEneany P, Du YP, Fan X, Zamora M & Lipton M (2002)
Spectrally inhomogeneous effects of contrast agents in breast lesion detected by high spectral
and spatial resolution MRI. Acad Radiol 9 (Suppl 2):S352–S354.
Kedar RP, Cosgrove DO, Bamber JC & Bell DS (1995) Automated quantification of color Doppler
signals: a preliminary study in breast tumors. Radiology 197:39–43.
Kedar RP, Cosgrove DO, McCready VR, Bamber JC & Carter ER (1996) Microbubble contrast
agent for color Doppler US: effect on breast masses. Radiology 198:679–686.
Kerlikowske K, Grady D, Barclay J, Sickles EA & Ernster V (1996a) Effect of age, breast density,
and family history on the sensitivity of first screening mammography. JAMA 276:33–38.

67
Kerlikowske K, Grady D, Barclay J, Sickles EA & Ernster V (1996b) Likelihood ratios for modern
screening mammography: risk of breast cancer based on age and mammographic interpretation.
JAMA 276:39–43.
Khalkhali I & Vargas HI (2001) The role of nuclear medicine in breast cancer detection: functional
breast imaging. Radiol Clin North Am 39:1053–1068.
Kinoshita T, Yashiro N, Ihara N, Funatu H, Fukuma E & Narita M (2002) Diffusion-weighted halfFourier single shot turbo spin echo imaging in breast tumors: differentation of invasive ductal
carcinoma from fibroadenoma. J Comput Assist Tomogr 26:1042–1046.
Kirchin MA, Salerio I & La Noce A (2002) Gadobenate dimeglumine (MultihanceR) in magnetic
resonance mammography. Acad Radiol 9 (Suppl 2):S348–S351.
Knopp MV, Weiss E, Sinn HP, Mattern J, Junkermann H, Radeleff J, Magener A, Brix G, Delorme
S, Zuna I & van Kaick G (1999) Pathophysiologic basis of contrast enhancement in breast
tumors. J Magn Reson Imaging 10:260–266.
Kolb TM, Lichy J & Newhouse JH (1998) Occult cancer in women with dense breasts: detection
with screening US – diagnostic yield and tumor characteristics. Radiology 207:191–199.
Kook S-H, Park H-W, Lee Y-R, Lee Y-U, Pae W-K & Park Y-L (1999) Evaluation of solid breast
lesions with power Doppler sonography. J Clin Ultrasound 27:231–237.
Kreula J (1990) Effect of sampling technique on specimen size in fine needle aspiration biopsy.
Invest Radiol 25:1294–1299.
Kristoffersen Wiberg M (2002) Magnetic resonance imaging in breast diagnosis. Thesis.
Karolinska University Press, Stockholm.
Krämer SC, Rieber A, Görich J, Aschoff AJ, Tomczak R, Merkle EM, Müller M & Brambs H-J
(2000) Diagnosis of papillomas of the breast: value of magnetic resonance mammography in
comparison with galactography. Eur Radiol 10:1733–1736.
Kuhl CK (2000) MRI of breast tumors. Eur Radiol 10:46–58.
Kuhl CK, Bieling H, Gieseke J, Ebel T, Mielcarek P, Far F, Folkers P, Elevelt A & Schild HH
(1997a) Breast neoplasms: T2* susceptibility-contrast, first-pass perfusion MR imaging.
Radiology 202:87–95.
Kuhl CK, Bieling HB, Gieseke J, Kreft BP, Sommer T, Lutterbey G & Schild HH (1997b) Healthy
premenopausal breast parenchyma in dynamic contrast-enhanced MR imaging of the breast:
normal contrast medium enhancement and cyclical-phase dependency. Radiology 203:137–144.
Kuhl CK, Elevelt A, Leutner CC, Gieseke J, Pakos E & Schild HH (1997c) Interventional breast
MR imaging: clinical use of a stereotactic localization and biopsy device. Radiology 204:667–
675.
Kuhl C, Mielcareck P, Klaschik S, Leutner C, Wardelmann E, Gieseke J & Schild HH (1999)
Dynamic breast MR imaging: are signal intensity time course data useful for differential
diagnosis of enhancing lesions? Radiology 211:101–110.
Kuhl CK, Morakkabati N, Leutner CC, Schmiedel A, Wardelmann E, Schild HH (2001) MR
imaging -guided large-core (14-gauge) needle biopsy of small lesions visible at breast MR
imaging alone. Radiology 220:31–39.
Landis JR & Koch GC (1977) The measurement of observer agreement for categorical data.
Biometrics 33:159–174.
Lee CH, Smith RC, Levine JA, Troiano RN & Tocino I (1999) Clinical usefulness of MR imaging
of the breast in the evaluation of the problematic mammogram. Am J Roentgenol 173:1323–
1329.
Lee S-W, Choi HY, Baek SY & Lim SM (2002) Role of color and power Doppler imaging in
differentiating between malignant and benign solid breast masses. J Clin Ultrasound 30:459–
464.
Liberman L (2000) Clinical management issues in percutaneous core breast biopsy. Radiol Clin
North Am 38:791–807.
Lister D, Evans AJ, Burrell HC, Blamey RW, Wilson ARM, Pinder SE, Ellis IO, Elston CW &
Kollias J (1998) The accuracy of breast ultrasound in the evaluation of clinically benign
discrete, symptomatic breast lumps. Clin Radiol 53:490–492.

68
Liu P-F, Debatin JF, Caduff RF, Kacl G, Garzoli E & Krestin GP (1998) Improved diagnostic
accuracy in dynamic contrast enhanced MRI of the breast by combined quantitative and
qualitative analysis. Br J Radiol 71:501–509.
Lorenzen J, Sinkus R, Lorenzen M, Dargatz M, Leussler C, Röschmann P & Adam G (2002) MR
elastography of the breast: preliminary clinical results. Fortschr Röntgenstr 174:830–834.
Madjar H (2001) Contrast ultrasound in breast tumor characterization: present situation and future
tracks. Eur Radiol 11 (Suppl 3):E41–E46.
Malich A, Boehm T, Facius M, Freesmeyer MG, Fleck M, Anderson R & Kaiser WA (2001)
Differentiation of mammographically suspicious lesions: evaluation of breast ultrasound, MRI
mammography and electrical impedance scanning as adjunctive technologies in breast cancer
detection. Clin Radiol 56:278–283.
Martín G, Martín R, Brieva MJ & Santamaría L (2002) Electrical impedance scanning in breast
cancer imaging: correlation with mammographic and histologic diagnosis. Eur Radiol 12:1471–
1478.
McKnight AL, Kugel JL, Rossman PJ, Manduca A, Hartmann LC & Ehman RL (2002) MR
elastography of breast cancer: preliminary results. Am J Roentgenol 178:1411–1417.
McNicholas MMJ, Mercer PM, Miller JC, McDermott EWM, O´Higgins NJ & MacErlean DP
(1993) Color Doppler sonography in the evaluation of palpable breast masses. Am J Roentgenol
161:765–771.
Mendelson EB & Tobin CE (1995) Critical pathways in using breast US. RadioGraphics 15:935–
945.
Meyer JE & Kopans DB (1982) Preoperative roentgenographically guided percutaneous
localization of occult breast lesions. Arch Surg 117:65–68.
Milz P, Kessler M, Lienemann A, Opitz N & Reiser M (1998) Blutflussdarstellung in
Herdbefunden der Mamma mittels der Power-Doppler-Sonographie: ein neuer Ansatz zur
Dignitätsbeurteilung? [German]. Fortschr Röntgenstr 169:236–244.
Milz P, Lienemann A, Kessler M & Reiser M (2001) Evaluation of breast lesions by power
Doppler sonography. Eur Radiol 11:547–554.
Monsees BS (1995) Evaluation of breast microcalcifications. Radiol Clin North Am 33:1109–1121.
Moon WK, Im J-G, Noh D-Y & Han MC (2000) Nonpalpable breast lesions: evaluation with
power Doppler US and a microbubble contrast agent – initial experience. Radiology 217:240–
246.
Moon WK, Myung JS, Lee YJ, Park IA, Noh D-Y & Im J-G (2002) US of ductal carcinoma in situ.
RadioGraphics 22:269–281.
Morris EA, Schwartz LH, Dershaw DD, Van Zee KJ, Abramson AF & Liberman L (1997) MR
imaging of the breast in patients with occult primary breast carcinoma. Radiology 205:437–440.
Moy L, Slanetz PJ, Moore R, Satija S, Yeh ED, McCarthy KA, Hall D, Staffa M, Rafferty EA,
Halpern E & Kopans DB (2002) Specificity of mammography and US in the evaluation of a
palpable abnormality: retrospective review. Radiology 225:176–181.
Mumtaz H, Hall-Craggs MA, Davidson T, Walmsley K, Thurell W, Kissin MW & Taylor I (1997)
Staging of symptomatic primary breast cancer with MR imaging. Am J Roentgenol 169:417–
424.
Murray AD, Staff RT, Redpath TW, Gilbert FJ, Ah-See AK, Brookes JA, Miller ID & Payne S
(2002) Dynamic contrast enhanced MRI of the axilla in women with breast cancer: comparison
with pathology of excised nodes. Br J Radiol 75:220–228.
Müller R-D, Barkhausen J, Sauerwein W & Langer R (1998) Assessment of local recurrence after
breast-conserving therapy with MRI. J Comput Assist Tomogr 22:408–412.
Müller-Schimpfle M, Ohmenhäuser K, Stoll P, Dietz K & Claussen CD (1997) Menstrual cycle and
age: influence on parenchymal contrast medium enhancement in MR imaging of the breast.
Radiology 203:145–149.
Nunes LW, Schnall MD, Orel SG, Hochman MG, Langlotz CP, Reynolds CA & Torosian MH
(1997a) Breast MR imaging: interpretation model. Radiology 202:833–841.
Nunes LW, Schnall MD, Siegelman ES, Langlotz CP, Orel SG, Sullivan D, Muenz LA, Reynolds
CA & Torosian MH (1997b) Diagnostic performance characteristics of architectural features
revealed by high spatial-resolution MR imaging of the breast. Am J Roentgenol 169:409–415.

69
Obdeijn I-MA, Brouwers-Kuyper EMJ, Tilanus-Linthorst MMA, Wiggers T & Oudkerk M (2000)
MR imaging -guided sonography followed by fine-needle aspiration cytology in occult
carcinoma of the breast. Am J Roentgenol 174:1079–1084.
Obenauer S, Luftner-Nagel S, von Heyden D, Munzel U, Baum F & Grabbe E (2002) Screen film
vs full-field digital mammography: image quality, detectability and characterization of lesions.
Eur Radiol 12:1697–1702.
Ohsumi S, Takashima S, Aogi K & Usuki H (2002) Prognostic value of thermographical findings
in patients with primary breast cancer. Breast Cancer Res Treat 74:213–220.
Orel SG (2000) MR imaging of the breast. Radiol Clin North Am 38:899–913.
Orel SG, Dougherty CS, Reynolds C, Czerniecki BJ, Siegelman ES & Schnall MD (2000) MR
imaging in patients with nipple discharge: initial experience. Radiology 216:248–254.
Orel SG & Schnall MD (2001) MR imaging of the breast for the detection, diagnosis and staging of
breast cancer. Radiology 220:13–30.
Orel SG, Schnall MD, LiVolsi VA & Troupin RH (1994) Suspicious breast lesions: MR imaging
with radiologic-pathologic correlation. Radiology 190:485–493.
Orel SG, Schnall MD, Powell C, Hochman MG, Solin LJ, Fowble BL, Torosian MH & Rosato EF
(1995) Staging of suspected breast cancer: effect of MR imaging and MR-guided biopsy.
Radiology 196:115–122.
Palosaari K & Tervonen O (2002) Post-processing water-fat imaging technique for fat suppression
in a low-field MR imaging system, evaluation in patients with rheumatoid arthritis. MAGMA
15:1–9.
Pamilo M, Soiva M, Anttinen I, Roiha M & Suramo I (1991) Ultrasonography of breast lesions
detected in mammography screening. Acta Radiol 32:220–225.
Paramagul CP, Helvie MA & Adler DD (1995) Invasive lobular carcinoma: sonographic
appearance and role of sonography in improving diagnostic sensitivity. Radiology 195:231–234.
Parisky YR, Sardi A, Hamm R, Hughes K, Esserman L, Rust S & Callahan K (2003) efficacy of
computerized infrared imaging analysis to evaluate mammographically suspicious lesions. Am J
Roentgenol 180:263–269.
Parker SH, Stavros AT & Dennis MA (1995) Needle biopsy techniques. Radiol Clin North Am
33:1171–1186.
Passe TJ, Bluemke DA & Siegelman SS (1997) Tumor angiogenesis: tutorial on implications for
imaging. Radiology 203:593–600.
Patel MR & Whitman GJ (1998) Negative mammograms in symptomatic patients with breast
cancer. Acad Radiol 5:26–33.
Perlet C, Heinig A, Prat X, Casselman J, Baath L, Sittek H, Stets C, Lamarque J, Anderson I,
Schneider P, Taourel P, Reiser M & Heywang-Köbrunner SH (2002) Multicenter study for the
evaluation of a dedicated biopsy device for MR-guided vacuum biopsy of the breast. Eur Radiol
12:1463–1470.
Peters-Engl C, Medl M & Leodolter S (1995) The use of colour-coded and spectral Doppler
ultrasound in the differentiation of benign and malignant breast lesions. Br J Cancer 71:137–
139.
Peters-Engl C, Medl M, Mirau M, Wanner C, Bilgi S, Sevelda P & Obermair A (1998) Colorcoded and spectral Doppler flow in breast carcinomas - relationship with the tumor
microvasculature. Breast Cancer Res Treat 47:83–89.
Pfleiderer B & Heindel W (2001) MRT und MRS nach Silikonaufbau der weiblichen Brust.
[German]. Fortschr Röntgenstr 173:571–579.
Pisano ED, Fajardo LL, Tsimikas J, Sneige N, Frable WJ, Gatsonis CA, Evans WP, Tocino I &
McNeil BJ (1998) Rate of insufficient samples for fine-needle aspiration for nonpalpable breast
lesions in a multicenter clinical trial. Cancer 82:679–688.
Pugh CR, Arger PH & Sehgal CM (1996) Power, spectral, and color flow Doppler enhancement by
a new ultrasonographic contrast agent. J Ultrasound Med 15:843–852.
Rahbar G, Sie AC, Hansen GC, Prince JS, Melany ML, Reynolds HE, Jackson VP, Sayre JW &
Bassett LW (1999) Benign versus malignant solid breast masses: US differentiation. Radiology
213:889–894.

70
Raza S & Baum JK (1997) Solid breast lesions: evaluation with power Doppler US. Radiology
203:164–168.
Rissanen T, Pamilo M & Suramo I (1998a) Ultrasonography as a guidance method in the
evaluation of mammographically detected nonpalpable breast lesions of suspected malignancy.
Acta Radiol 39:292–297.
Rissanen T, Tikkakoski T, Autio A-L & Apaja-Sarkkinen M (1998b) Ultrasonography of invasive
lobular breast carcinoma. Acta Radiol 39:285–291.
Rissanen T, Typpö T, Tikkakoski T, Turunen J, Myllymäki T & Suramo I (1993) Ultrasoundguided percutaneous galactography. J Clin Ultrasound 21:497–502.
Rizzatto G, Chersevani R, Abbona M, Lombardo VL & Macorig D (1997) High-resolution
sonography of breast carcinoma. Eur J Radiol 24:11–19.
Rizzatto G, Martegani A, Chersevani R, Macorig D, Vrtovec M, Aiani L & Tufarulo L (2001)
Importance of staging of breast cancer and role of contrast ultrasound. Eur Radiol 11 (Suppl
3):E47–E52.
Rosen PP (2001) Rosen´s breast pathology. Second edition. Lippincott Williams & Wilkins,
Philadelphia, pp 3–6, 32–34, 77, 87–89, 163–179, 203, 254–246, 264, 365, 689.
Saarela AO, Kiviniemi HO, Rissanen TJ & Paloneva TK (1996) Nonpalpable breast lesions:
pathologic correlation of ultrasonographically guided fine-needle aspiration biopsy. J
Ultrasound Med 15:549–553.
Sahin-Akyar G & Sumer H (1996) Color Doppler ultrasound and spectral analysis of tumor vessels
in the differential diagnosis of solid breast masses. Invest Radiol 31:72–79.
Sakki S (1974) Angiography of the female breast. Annals Clin Res (Suppl 12):1–47.
Satake H, Shimamoto K, Sawaki A, Niimi R, Ando Y, Ishiguchi T, Ishigaki T, Yamakawa K,
Nagasaka T & Funahashi H (2000) Role of ultrasonography in the detection of intraductal
spread of breast cancer: correlation with pathologic findings, mammography and MR imaging.
Eur Radiol 10:1726–1732.
Sewell CW (1995) Pathology of benign and malignant breast disorders. Radiol Clin North Am
33:1067–1080.
Shetty MK & Shah YP (2002) Prospective evaluation of the value of negative sonographic and
mammographic findings in patients with palpable abnormalities of the breast. J Ultrasound Med
21:1211–1216.
Silverstein MJ, Poller DN, Waisman JR, Colburn WJ, Barth A, Gierson ED, Lewinsky B,
Gamagami P & Slamon DJ (1995) Prognostic classification of breast ductal carcinoma-in-situ.
Lancet 345:1154–1157.
Skaane P (1999) Ultrasonography as adjunct to mammography in the evaluation of breast tumors.
Acta Radiol 40 (Suppl 420):1–47.
Skaane P & Engedal K (1998) Analysis of sonographic features in the differentiation of
fibroadenoma and invasive ductal carcinoma. Am J Roentgenol 170:109–114.
Sneige N, Fornage BD & Saleh G (1994) Ultrasound-guided fine-needle aspiration of nonpalpable
breast lesions. Cytologic and histologic findings. Am J Clin Pathol 102:98–101.
Sohn C, Blohmer J-U & Hamper UM (1999) Breast ultrasound. A systematic approach to technique
and image interpretation. Thieme, New York, pp 52–54, 106–109, 139–142.
Sohn C, Grischke EM, Stolz W & Bastert G (1993) Untersuchungen zum Zusammenhang zwischen
dem Grad der Durchblutung und dem biologischen Verhalten von Mammatumoren. [German].
Ultraschall Klin Prax 8:11–14.
Solbiati L, Tonolini M, Cova L & Goldberg SN (2001) The role of contrast-enhanced ultrasound in
the detection of focal liver lesions. Eur Radiol 11(Suppl 3):E15–E26.
Soo MS, Baker JA, Rosen EL & Vo TT (2002) Sonographically guided biopsy of suspicious
microcalcifications of the breast: a pilot study. Am J Roentgenol 178:1007–1015.
Soo MS, Rosen EL, Baker JA, Vo TT & Boyd BA (2001) Negative predictive value of sonography
with mammography in patients with palpable breast lesions. Am J Roentgenol 177:1167–1170.
Spinazzi A (2001) Emerging clinical applications for contrast-enhanced ultrasonography. Eur
Radiol 11 (Suppl 3):E7–E12.

71
Spreafico C, Lanocita R, Frigerio LF, Di Tolla G, Garbagnati F, Milella M, Marchianò A, Piragine
G & Damascelli B (1994) The Italian experience with SH U 508 A (LevovistR) in breast
disease. Radiol Med 87 (Suppl 1):59–64.
Standertskjöld-Nordenstam C-G & Svinhufvud U (1980) Mammography of symptomatic breasts. A
report on 1119 consecutive patients. Ann Chir Gynaecol 69:48–53.
Stavros AT, Thickman D, Rapp CL, Dennis MA, Parker SH & Sisney GA (1995) Solid breast
nodules: use of sonography to distinguish between benign and malignant lesions. Radiology
196:123–134.
Sterns EE, Zee B, SenGupta S & Saunders FW (1996) Thermography. Its relation to pathologic
characteristics, vascularity, proliferation rate, and survival of patients with invasive ductal
carcinoma of the breast. Cancer 77:1324–1328.
Stomper PC, Herman S, Klippenstein DL, Winston JS, Edge SB, Arredondo MA, Mazurchuk RV
& Blumenson LE (1995) Suspect breast lesions: findings at dynamic gadolinium-enhanced MR
imaging correlated with mammographic and pathologic features. Radiology 197:387–395.
Stoutjesdijk MJ, Boetes C, Jager GJ, Beex L, Bult P, Hendriks JHCL, Laheij RJF, Massuger L, van
Die LE, Wobbes T & Barentsz JO (2001) Magnetic resonance imaging and mammography in
women with a hereditary risk of breast cancer. J Natl Cancer Inst 93:1095–1102.
Stuhrmann M, Aronius R & Schietzel M (2000) Tumor vascularity of breast lesions: potentials and
limits of contrast-enhanced Doppler sonography. Am J Roentgenol 175:1585–1589.
Tabár L (1998) Teaching course in diagnostic breast imaging. Mammography Education, Inc., p B–
1.
Tabár L, Dean P & Pentek Z (1983) Galactography, the diagnostic procedure of choice for nipple
discharge. Radiology 149:31–38.
Tabár L, Fagerberg CJG, Gad A, Baldetorp L, Holmberg LH, Gröntoft O, Ljungquist U, Lundström
B, Månson JC, Eklund G, Day NE & Pettersson F (1985) Reduction in mortality from breast
cancer after mass screening with mammography: randomized trial from the Breast Cancer
Screening Working Group of the Swedish National Board of Health and Welfare. Lancet I:829–
832.
Tabár L, Péntek Z & Dean PB (1981) The diagnostic and therapeutic value of breast cyst puncture
and pneumocystography. Radiology 141:659–663.
Tabár L, Vitak B, Chen H-H, Duffy SW, Yen M-F, Chiang C-F, Krusemo UB, Tot T & Smith RA
(2000) The Swedish Two-County Trial twenty years later: updated mortality results and new
insights from long-term follow-up. Radiol Clin North Am 38:625–651.
Tavassoli FA (1992) Pathology of the breast. Appleton & Lange, Connecticut, pp 5, 15–20, 51–53,
79–80, 229, 266, 399–400.
Thibault F, Meunier M, Klijanienko J, El Khoury C, Nos C, Vincent-Salomon A, Asselain B &
Neuenschwander S (2000) Diagnostic accuracy of sonography and combined sonographic
assessment and sonographically guided cytology in nonpalpable solid breast lesions. J Clin
Ultrasound 28:387–398.
Uematsu T, Sano M, Homma K, Makino H, Shiina M, Kobayashi S & Shimizu K (2001) Staging of
palpable T1-2 invasive breast cancer with helical CT. Breast Cancer 8:125–130.
Venta LA, Dudiak CM, Salomon CG & Flisak ME (1994) Sonographic evaluation of the breast.
Radiographics 14:29–50.
Viehweg P, Heinig A, Lampe D, Buchmann J & Heywang-Köbrunner SH (1998) Retrospective
analysis for evaluation of the value of contrast-enhanced MRI in patients treated with breast
conservative therapy. MAGMA 7:141–152.
Vignal P, Meslet MR, Roméo JM & Feuilhade F (2002) Sonographic morphology of infiltrating
breast carcinoma. Relationship with the shape of the hyaluronan extracellular matrix. J
Ultrasound Med 21:531–538.
Warner E, Plewes DB, Shumak RS, Catzavelos GC, Di Prospero LS, Yaffe MJ, Goel V, Ramsay E,
Chart PL, Cole DEC, Taylor GA, Cutrara M, Samuels TH, Murphy JP, Murphy JM & Narod
SA (2001) Comparison of breast magnetic resonance imaging, mammography, and ultrasound
for surveillance of women at high risk for hereditary breast cancer. J Clin Oncol 19:3524–3531.
Weinstat-Saslow D & Steeg PS (1994) Angiogenesis and colonization in the tumor metastatic
process: basic and applied advances. FASEB J 8:401–407.

72
Weinstein SP, Orel SG, Heller R, Reynolds C, Czerniecki B, Solin LJ & Schnall M (2001) MR
imaging of the breast in patients with invasive lobular carcinoma. Am J Roentgenol 176:399–
406.
Weiwad W, Heinig A, Goetz L, Hartmann H, Lampe D, Buchmann J, Millner R, Spielmann RP &
Heywang-Köbrunner SH (2000) Direct measurement of sound velocity in various specimens of
breast tissue. Invest Radiol 25:721–726.
Westerhof JP, Fischer U, Moritz JD & Oestmann JW (1998) MR imaging of mammographically
detected clustered microcalcifications: is there any value? Radiology 207:675–681.
Wilkens TH, Burke BJ, Cancelada DA & Jatoi I (1998) Evaluation of palpable breast masses with
color Doppler sonography and gray scale imaging. J Ultrasound Med 17:109–115.
Winehouse J, Douek M, Holz K, Madjar H, Gillams A, Lees W & Baum M (1999) Contrastenhanced colour Doppler ultrasonography in suspected breast cancer recurrence. Br J Surgery
86:1198–1201.
Woertler K, Strothmann M, Tombach B & Reimer P (2000) Detection of articular cartilage lesions:
experimental evaluation of low- and high-field-strength MR imaging at 0.18 and 1.0 T. J Magn
Reson Imaging 11:678–685.
Yang WT, Metreweli C, Lam PKW & Chang J (2001) Benign and malignant breast masses and
axillary nodes: evaluation with echo-enhanced color power Doppler US. Radiology 220:795–
802.
Yang WT, Suen M, Ahuja A & Metreweli C (1997) In vivo demonstration of microcalcification in
breast cancer using high resolution ultrasound. Br J Radiol 70:685–690.
Yeow K-M, Lo Y-F, Wang C-S, Chang H-K, Tsai C-S & Hsueh C (2001) Ultrasound-guided core
needle biopsy as an initial diagnostic test for palpable breast masses. J Vasc Interv Radiol
12:1313–1317.
Yeung DKW, Cheung HS & Tse GMK (2001) Human breast lesions: characterization with
contrast-enhanced in vivo proton MR spectroscopy - initial results. Radiology 220:40–46.
Yeung DKW, Yang W-T & Tse GMK (2002) Breast cancer: in vivo proton MR spectroscopy in the
characterization of histopathologic subtypes and preliminary observations in axillary node
metastases. Radiology 225:190–197.
Zonderland HM, Coerkamp EG, Hermans J, van de Vijver MJ & van Voorthuisen AE (1999)
Diagnosis of breast cancer: contribution of US as an adjunct to mammography. Radiology
213:413–422.
Özdemir A, Özdemir H, Maral I, Konus Ö, Yücel S & Isik S (2001) Differential diagnosis of solid
breast lesions. J Ultrasound Med 20:1091–1101.

