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The exploration of novel imaging methods that have the potential to improve specificity for

the identification of malignancy is still critically needed in breast imaging.  Changes in phys-

iologic alterations of soft tissue water associated with breast cancer can be visualized by

magnetic resonance (MR) imaging.  However, it is unlikely that a single MR parameter can

characterize the complexity of breast tissue.  Techniques such as multiparametric MR imag-

ing, proton magnetic resonance spectroscopic (MRSI) imaging, and 23Na sodium MR imag-

ing when used in combination provide a comprehensive data set with potentially more

power to diagnose breast disease than any single measure alone.  A combination of MR,

MRSI, and 23Na sodium MR parameters may be examined in a single MR imaging exami-

nation, potentially resulting in improved specificity for radiologic evaluation of malignancy.

Key words: Breast, Magnetic Resonance Imaging, Sodium MR, 23NA, Spectroscopy,

Proton, ISODATA, Cancer, Diffusion, Neoplasm.

Introduction and Review

Several factors have been identified that result in increased risk for the develop-
ment of breast cancer, including hormonal status, reproductive history, age, diet,
genetics predisposition, and sociodemographics (1-8).

Current treatment regimens for breast cancer are most effective when disease is
detected at an early stage, at present these include prophylactic mastectomy, a
radical approach that may be reserved for select women, or chemoprevention.
While many agents are under investigation, only tamoxifen is approved by the
FDA for reduction of risk of developing breast cancer.  However, tamoxifen is
prescribed for 5 years and prevents only hormone receptor positive tumors.  Thus,
it is likely that only women at very high risk for breast cancer may choose to take
the treatment.  Until better approaches for cancer prevention become available,
the key to further improving survival is early detection and diagnosis.  The most
common methods used for the detection breast cancer in clinical practice are clin-
ical breast exam (CBE), x-ray mammography, and ultrasound (6, 9-20).

Mammography is an effective tool for early screening and detection of breast
cancer (6, 16-19).  Despite the moderate to high sensitivity of mammography
(70-90%) (21-23), the technique has limited specificity (32-64%) and mammog-
raphy frequently cannot distinguish benign from malignant disease (19, 20, 24).
Approximately 10% of cancers are not detected with mammography, often due
to dense fibroglandular tissue that obscures visualization of the tumor (11, 14,
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15).  The limitations in the sensitivity of mammography have
led to the use of adjunctive imaging methods.  For example,
breast ultrasound (US) is used as an adjunct in the diagnos-
tic evaluation of palpable masses and differentiation of cys-
tic versus solid masses (13, 20, 25).  However, US is highly
user dependent with demonstrated intra- and inter-variabili-
ty in the interpretation of breast sonograms (26).

MR imaging has shown promise for detection and character-
ization of breast lesions (14, 24, 27-33).  Early studies of MR
imaging of the breast using only T1 or T2 weighted images
were disappointing (34-37), but gadolinium contrast
enhanced MR has enabled substantial improvements in the
method (38, 39).  Contrast enhanced MR studies have report-
ed high sensitivity (up to 100%); but variable specificity
(~30-85%) (28, 29, 31, 38, 40-44) for breast cancer.  The
degree of enhancement, for example, of fibroadenomas may
overlap with that of malignant lesions (45-47).

Assessing the enhancement of breast lesions by MR imaging
has been refined by measuring time-intensity curves follow-
ing the injection of the gadolinium contrast agent (44, 48,
49).  Several distinct patterns of enhancement have been
associated with benign versus malignant breast lesions (44,
49).  The most commonly identified enhancement patterns
have been defined as persistent, plateau, and washout pat-
terns.  Persistent enhancement is described by a monotonic
increase of MR signal, plateau enhancement increases to a

constant level or “plateau”, and washout enhancement shows
an initial peak followed by an immediate decrease in the sig-
nal intensity.  Numerically, these patterns are referred to as
type 1 (persistent), type 2 (plateau), or type 3 (washout).
Type 1 enhancement has been shown to be suggestive of a
benign lesion, whereas, type 3 enhancement is highly asso-
ciated with breast malignancy (44).  Type 2 enhancement can
be seen in both benign and malignant lesions (44) and is thus
equivocal; these breast lesions are managed as though they
are malignant until proven otherwise.

In order to improve the specificity of breast MR imaging,
several other approaches using diffusion- and perfusion-
weighted imaging and/or contrast agents (50-52).  Diffusion-
weighted imaging (DWI) and perfusion (PWI) are sensitive
to changes in the micro diffusion of water within the intra-
and intercellular environments.  These changes in the diffu-
sion of water result in signal intensity changes on the DWI
and/or PWI within the region of interest.  The reason for
these signal intensity changes on DWI are not exactly
known; however; there is evidence that these changes may
be attributable to many factors, such as shifts of water from
the extracellular space to the intracellular space, increased
tortuosity of the diffusion pathways, restriction of the cellu-
lar membrane permeability, cellular density, and disruption
of cellular membrane depolarization (53-58).  Moreover,
DWI also provides a quantitative biophysical parameter,
called the apparent diffusion coefficient of water (ADC).
The ADC value is an indicator of the movement of water
within the tissue.  It gives an average value of the flow and
distance a water molecule has moved (54).  For example, a
“decreased” ADC is interpreted as “reduced” flow of water,
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Figure 1: Demonstration of tissue signature vectors for different breast tis-
sue types on MR data from a patient.  A) Signature vectors are defined for
each separate normal tissue type (adipose and glandular) and assigned to the
cluster that closely resembles its vector elements in the ISODATA algo-
rithm.  B) The mathematical description of the tissue signature vector.  C)
A representative ISODATA theme map from the tissue signature vectors
defined from each tissue cluster.  D) Representation of the three-dimen-
sional (3D) feature space formed by T1, fat sat T2, and post-contrast MR
image (the 3D-feature space is shown for easy visualization).  The angle
separation model is demonstrated with the distribution of tissue clusters in
3D-feature space.  Angles are calculated by the dot product between the nor-
mal tissue and abnormal tissue clusters using each cluster’s tissue signature
vector as shown by θ1 and θ2.  Each axis represents the signal intensity dis-
tribution for each MR image.  Adapted from (68).

Figure 2: A) The ISODATA methodology and subtracted sagittal T1WI
contrast weighted image from a 56-year-old women with invasive ductal
carcinoma confirmed by histology.  The ISODATA segmentation demon-
strates clear separation of different breast tissue types; fatty tissue (blue)
from the glandular tissue (light green to yellow) versus the lesion (pink and
white).  B) Histological photomicrographs of magnified regions (2B-4×,
insert-10×) were taken from the lesion area show invasive carcinoma.
Adapted from (68).



whereas in tissue, an “increased” ADC indicates no restrict-
ed water flow.  Clinical breast DWI studies have shown a
distinction between malignant and benign tumors with a cor-
relation between the cellularity and ADC value (50-52).

In addition, a novel three-time point (3TP) method has been
explored using contrast agents (59).  The 3TP method using
the kinetics of the uptake within the lesion and can classify
it as either benign or malignant.  Also, MR spectroscopy
(MRS) (60-66) and/or spectroscopic imaging (MRSI) (32)
have been developed and applied with good success and will
be further discussed below.

In another approach, we have developed and used character-
istic tissue signature vectors derived from multiple different
MR imaging pulse sequences (67,68).  This multiparametric
approach determines the angular separation between benign
and malignant tissue signature vectors (68) based on MR
signal on fat suppressed T2-weighted images (T2WI), T1-

weighted images (T1WI), and fat suppressed T1WI before
and after a gadolinium contrast agent is administered.  In
addition, sodium MR (23Na) and proton (1H) MRS data are
available to help to resolve equivocal breast cases in the mul-
tiparametric model.  The purpose of this report is to review
data applicable to this tissue signature model for multipara-
metric breast MR imaging including 23Na sodium and
MRSI for extending breast cancer research.
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Figure 3: Phantom [10mM] demonstrating the proton MRSI methods.
Lipid and choline maps are shown with respective spectra.  A) Choline is
present at 3.2 ppm within the “lesion”.  B) Lack of choline signal in voxels
outside the choline phantom.

Figure 4: A) Sagittal T1-weighted MR and B) proton MRSI images in a 63
year old women with invasive ductal carcinoma.  C) Histological photomi-
crographs of magnified regions (2B-4×, insert-10×) were taken from the
lesion area.  D) Representative spectrum and magnified (×50) region
demonstrate a detectable Cho signal (SNR=6.6) in the lesion at 3.2 ppm.

Figure 5: Two sets of corresponding sagittal breast MR images from a 33-
year-old normal volunteer.  A) T1 weighted images.  B) Sodium MR images
of the same location.  The nipple is apparent within the Sodium Image colo-
calized with the TIWI.  Bright objects in the sodium images external to the
breast are reference phantoms.

Figure 6: A) Sagittal T1 weighted image of a 63 year old woman with inva-
sive carcinoma in the lower inner breast.  B) Fat suppressed fast spin echo
T2 weighted image.  Fat suppressed T1-weighted Pre (C) and post (D)
gadolinium contrast enhanced MR image.  E-F) Sodium images demonstrat-
ing increased sodium signal within the breast lesion.  Note, a blue contour
plot generated on (D) is shown superimposed on the sodium image in (E).
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Methods and Materials

Clinical Subjects

Female patients (n=59, age:18-80) were referred for MR eval-
uation of breast lesions identified by X-ray mammography,
ultrasound, or clinical breast exam (palpable breast mass).
Either core biopsy, excisional biopsies, lumpectomy, or mas-
tectomy were performed.  Lesions were considered benign if
they showed specified fibrocystic changes, including formation
of cysts, increased fibrous tissue, benign patterns of duct or lob-
ule distortion, and benign cellular changes (typical or atypical
lobular or ductal hyperplasia).  Lesions with a histological diag-
nosis of ductal or invasive carcinoma were considered malig-
nant.  The protocol was approved by our Institutional Review
Board, and informed consent was obtained from all subjects.

MR Imaging Protocol

Proton MR Imaging: MR imaging was performed on a 1.5
T MR scanner (General Electric Med. Sys.), using a dedicat-
ed phased array breast coil (Medrad,PA) with the patient in the
prone position.  MR sequences were: sagittal fat suppressed
T2WI fast spin echo (TR/TE=5700/102) and fast spoiled gra-
dient echo (FSPGR) T1WI (TR/TE =200/4.4) with field of
view (FOV) = 18-20 × 18-20 cm (adjusted to the size of the
breast), matrix = 256 × 192, slice thickness, 4 mm, 1mm gap).
In addition, fat suppressed three dimensional FSPGR T1WI
(TR/TE=20/4, matrix = 512 × 160, slice thickness, 2 mm) pre-
and post-contrast images were obtained after intravenous
administration of 0.1 mmol/kg gadodiamide contrast agent
(Omniscan, General Electric Health Systems.  The contrast
agent was injected over 10 seconds with MR imaging begin-
ning immediately after completion of the injection.  The con-
trast bolus was immediately followed by a 20cc saline flush.
Total scan time for the protocol was less than 20 minutes.

Proton Spectroscopy: Shimming was first performed to
optimize field homogeneity.  Water suppression was opti-
mized using automated routines provided by the manufac-
turer using a three sequential “CHESS” pulses with a band-
width of 75 Hz, applied on-resonance with the water signal
(69).  Lipid signals were attenuated by using an inversion
pulse (STIR) with a delay of 171 msecs.  The MRSI section
location was defined by a radiologist (DAB) to include the
lesion.  Proton MRSI was next performed on a single 10mm
thick sagittal section using a point resolved spectroscopy
sequence (PRESS) after the completion of proton contrast
MR imaging.  MRSI scan parameters were TR/TE
2000/272ms, 18 × 18 matrix size, 18cm FOV.  The nominal
voxel size was approximately 1.0cc.  The echo signal was
digitized with 256 data points and a spectral width of 1000
Hz.  After MRSI, a set of double gradient-echo images
(TR/TE 250/14,25ms) were recorded at the same slice loca-

tions in order to calculate maps of the B0 magnetic field
strength, and to ensure that the subject had not moved dur-
ing the MRSI scan.  Total scan time for the proton spec-
troscopy protocol was approximately 15 minutes.

23 Na Sodium MR: Sodium MRI was done with a Twisted
Projection Imaging (TPI) sequence which allows ultra short
TE (=0.4ms) as described previously (70, 71).  A custom
built 3-turn solenoid sodium coil was designed to fit in the
phased array MR breast coil (Medrad,PA).  Six signal aver-
ages were recorded for 718 projections at TR=120ms using
a 400 microsecond adiabatic half passage pulse for a uniform
90 degree excitation.  Transmit power was set to provide
enough RF amplitude for adiabatic excitation at any coil
load.  A ring shaped phantom filled with a 150 mM sodium
solution served as concentration reference.  Total scan time
for the entire protocol was approximately 12 minutes.

MR Image Preprocessing and Analysis

MR image analysis was performed using a SUN Ultra
SPARC60 workstation (Sun Microsystems Inc., Mountain
View, CA.) using the Eigentool image analysis software
(Image Analysis Lab, Henry Ford Hospital, Detroit MI. (72,
73)).  Removing (subimaging) the background from the
image to better visualize the breast from was accomplished
using thresholding and morphological operations (74).
After subimaging, an inhomogeneity correction method was
applied to the MR imaging data set.

MRSI data were reconstructed using in-house software
(developed by PBB) on a Sun Ultra SPARC60 computer
system (Sun Microsystems Inc., Mountain View, CA.).  The
MRSI data sets were processed by three-dimensional
Fourier transformation, with cosine filtering in the spatial
domains after zero-filling to a 32 × 32 matrix.  Exponential
line broadening of 3 Hz, zero-filling in the time domain to
2048 data points.  Applying a high-pass convolution filter
was also applied to remove the residual water signal (50 Hz
stop-band) in the time-domain.  After setting the chemical
shift of water to 4.7 ppm, spectroscopic images were creat-
ed by numerical integration over the following chemical
shift ranges: 3.14 to 3.34 ppm for choline (Cho), 0 to 1.45
ppm for lipids, and 4.2-5.2 ppm for water.  For display,
metabolic images were linearly interpolated to 256 × 256
points.  The peak height of the signal in the Cho frequency
range in one voxel located completely within the lesion was
quantified using a simplex curve-fitting routine and
expressed as a ratio relative to the background noise level
between 7.0 and 9.0 ppm (where no signals are expected) in
the same voxel to determine a signal to noise ratio (SNR).
The cut value for the SNR determining benign from malig-
nant tissue was set at 4.0.  The voxel size, and all MRSI
parameters were the same for each subject (32). 



The multiparametric ISODATA segmentation used the
T1WI, T2WI, pre- and post-contrast T1 MR image data set
to define tissue signature vectors described in (68).  Tissue
signature vectors of adipose and glandular tissue were
defined from all the images within the data set.  These tissue
signature vectors set the normal tissue inputs for the ISO-
DATA algorithm.  Then, tissue classes were automatically
determined by the ISODATA routine, which outputs a theme
map representing the different clusters (Fig. 1).  A radiolo-
gist visually verified the adipose tissue from the theme map
by its appearance on T1 and T2 weighted images.  The adi-
pose tissue vector was further used as a reference vector for
measuring the angular separation of the other clusters iden-
tified by ISODATA.  Classifications of different tissue types
were determined from the angular separation between each
tissue signature vector (Fig 1).  The angle was calculated
using the dot product between the tissue signature vectors.
The ISODATA model result for the lesion was compared
with the histopathological findings.

Statistical Analysis

The differences in the angular separation, spectroscopy
choline SNR, and 23Na sodium concentrations of the benign
and malignant groups were evaluated using a Student’s t-
test.  Statistical significance was set at p<0.05.

Results and Discussion

Proton MR

The multiparametric ISODATA model segmented normal
from abnormal breast tissue and was also able to differentiate
between adipose and glandular tissue types (68).  Figure 2
demonstrates a representative multiparametric ISODATA
segmentation from a 56-year-old patient with invasive ductal
carcinoma.  The ISODATA segmentation of adipose tissue
(blue) from the glandular tissue (light green to yellow) is
shown in Figure 2A.  Representative histological images
from the lesion are shown in Figure 2B.  Overall, for malig-
nant lesions (n=20), the average angular separation between
adipose and tumor tissue was 17.5º ± 5.9º (mean angle ± stan-
dard deviation).  For benign lesions (n=20) the average angu-
lar separation was 29.1º ± 10.6º between adipose tissue and
lesion tissue.  The angular separation between malignant and
benign lesions was significantly different (p=0.005).  There
was no demonstrable significant difference (p=0.65) between
the glandular tissue signature vectors in patients with benign
or malignant lesions.  The result of our classification method
is comparable to the ones achieved by other studies.  For
example, using an angular separation of 21º, a sensitivity of
89% and specificity of 78% was achieved.  At higher angles,
a sensitivity of 94% with specificity of 72% was realized.
These data demonstrates the potential of the angular separa-

tion model to correctly identify and classify breast lesions.
The advantage of the multiparametric method is that it can be
extended to include other MR data sets such as MRSI and/or
23Na Sodium.  The incorporation these different types MR
data will allow the integration of “molecular” with “diagnos-
tic” data.  This will enable our team to investigate both of
these important parameters with normal/abnormal “diagnos-
tic” parameters.  Therefore, the ISODATA results will pro-
vide, for the first time, a combined “tissue-molecular map” of
each different breast tissue vector.  The goal of subsequent
multiparametric analysis will be to determine the minimum
number of parameters that objectively and quantitatively
yield optimum sensitivity and specificity.

MRSI: Figures 3 and 4 demonstrate representative MR and
MRSI images and spectra on a phantom and patients with
breast cancer.  Choline (Cho) is visible in the phantom meas-
urements [10mM] as shown in Figure 3.  This demonstrates
that proton spectroscopy can detect Cho.  Figure 4 shows a
63-year-old patient with an infiltrating ductal carcinoma (Fig
4C).  Elevated choline (Fig 4D) is apparent within the MRSI
image and spectra, co-localized with the contrast-enhanced
T1WI.  The distribution of water and lipid on MRSI also cor-
responds to the expected distribution seen on MRI (i.e., lipid
from adipose tissue, water from the lesion and ductal tissue).
We have found a significant (p<0.0008) difference between
the Cho SNR for benign and malignant patients (n=15) (32).

We decided to use the Cho SNR ratio as an objective meas-
ure of the magnitude of the Cho signal.  We recognize that
the SNR depends on several technical factors (75), such as
the receiver coil quality (Q) factor.  The Q factor can vary
from subject to subject due to different coil loading factors.
In theory, this different loading may be corrected by measur-
ing the power required for a 90 degree pulse, but for breast
MR usually the body coil is used for transmitting RF pulses,
and it is unlikely that the body transmit and surface receive
coils are equally loaded.  Therefore, while measuring SNR
gave us an approximate index of lesion Cho levels and indi-
cated them to be higher in malignant than benign lesions,
improved methods for the quantitation of Cho in breast
lesions are needed.  Currently, different strategies exist for
quantitation of MRSI of the brain (76-80) and it appears like-
ly that these methods may be adapted for the breast (81),
although there are significant differences between brain and
breast MRSI (e.g., different RF coils used (volume vs. sur-
face)), different tissue types (i.e., no “reference” metabolites
(such as Cr) in breast)).  Several prior breast MRSI studies
have simply rated lesion spectra for the presence or absence
of Cho.  However, this method is in general problematic,
since clear criteria need to be established for when a signal
is “detectable” or not, and in addition changes to the system
(e.g., field strength, detection coils, etc) or protocol (e.g.,
pulse sequence, voxel size, scan time) will alter the SNR and
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hence the threshold at which Cho would become detectable.
Therefore, we selected a conservative estimate of SNR=4 to
determine if the lesion was benign or malignant.  Also, by
the addition of spectroscopy to a dynamic gadolinium MR
imaging breast examination may increase the specificity of
the diagnosis of malignancy (33, 66).

23Na Sodium: Sodium imaging assesses different tissue
characteristics than either the proton or MRSI exam by
reflecting alterations in the cell ionic status or membrane per-
meability.  For example, elevated sodium levels are associat-
ed with disruption of the membrane sodium-potassium pump
and changes in the water environment within breast tissue.
Figure 5 demonstrates representative T1WI and sodium MR
images on a volunteer.  Volunteers (n=5) had no focal eleva-
tions of sodium within breast tissue.  In patients with diag-
nosed breast cancer (n=4), mean lesion size was 4.4 ± 2.3cm.
Breast lesions were hyperintense on sodium images (Figure
6).  Mean 23Na MRI determined sodium concentration for
fatty tissue was 20 ± 2 mM/kg, 28 ± 4 mM/kg in glandular
tissue, and 47 ± 12 mM/kg in breast cancers.  All cancers
demonstrated significantly (p<0.005) increased sodium con-
tent compared to glandular and fatty tissue.

In conclusion, we have demonstrated that molecular and
metabolic breast MR imaging is feasible in the clinical set-
ting.  These methods provide a basis for a comprehensive
interrogation of the complex tumor environment.  Spectro-
scopy demonstrates the presence of choline, which has been
associated with malignancy (33, 60, 61, 65, 82).

Thus, by using a combination of different MR parameters we
may be able to develop a more complete “model” in diagnosing
breast cancer noninvasively.  These initial studies demonstrate
that both proton and 23Na sodium MR may provide additional
information that may assist with the MR diagnosis of breast
cancer or that may be useful in monitoring therapeutic inter-
ventions (83-85).  Further studies are needed to expand the use
of these novel methods to become “routine” diagnostic exams.
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