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Abstract

Background The hypothesis that physiological and
biochemical changes associated with proliferating
malignant tumors may cause an increase in total tissue
sodium concentration (TSC) was tested with non-
invasive, quantitative sodium (**Na) magnetic reso-
nance imaging (MRI) in patients with benign and
malignant breast tumors.

Methods *Na and "H MRI of the breast was per-
formed on 22 women with suspicious breast lesions
(21 cm) at 1.5 Tesla. A commercial proton (‘H)
phased array breast coil and custom solenoidal **Na
coil were used to acquire 'H and **Na images during
the same MRI examination. Quantitative 3-dimen-
sional »Na projection imaging was implemented with
negligible signal loss from MRI relaxation, or from
radio-frequency field inhomogeneity, in less than
15 min. Co-registered 'H and **Na images permitted
quantification of TSC in normal and suspicious tissues
on the basis of '"H MRI contrast enhancement and
anatomy, with histology confirmed by biopsy.

Results Sodium concentrations were consistently
elevated in (N =19) histologically proven malignant
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breast lesions by an average of 63% compared to
glandular tissue. The increase in sodium concentration
in malignant tissue was highly significant compared to
unaffected glandular tissue (P < 0.0001, paired t-test),
adipose tissue, and TSC in three patients with benign
lesions.

Conclusion Elevated TSC in breast lesions measured
by non-invasive *Na MRI appears to be a cellular-
level indicator associated with malignancy. This
method may have potential to improve the specificity
of breast MRI with only a modest increase in scan time
per patient.

Keywords Breast cancer - Magnetic resonance
imaging - ~*Na magnetic resonance - Sodium -
Quantification

Introduction

The use of magnetic resonance imaging (MRI) in
clinical breast cases is increasing due to the high sen-
sitivity (~90-95%) and moderate specificity (~83%) of
gadolinium contrast-enhanced (CE) MRI [1, 2]. The
lower specificity of '"H MRI leads to additional breast
biopsies, frequently of benign breast tissue or focal
lesions [3-5].

The specificity of an "H MRI breast exam could be
improved by adding indices that provide more infor-
mation about the physiology and metabolism of sus-
picious lesions [6]. One such measure is the choline
level as measured by 'H magnetic resonance spec-
troscopy (MRS) [7-9]. However, '"H MRS, with vol-
ume elements (voxels) of >1 ml, does not yield high
spatial resolution, and is often applied at single

@ Springer



152

Breast Cancer Res Treat (2007) 106:151-160

pre-determined locations, thereby introducing poten-
tial sampling errors.

Sodium (*Na) MRI also yields useful information
that reflects the physiological and biochemical state of
diseased tissue. Sodium has been shown to be a very
sensitive indicator of cellular integrity and cellular en-
ergy metabolism [10-13]. The tissue sodium concentra-
tion (TSC) in normal tissue is primarily determined by
the ratio of the intracellular and extracellular volume
fractions (IVF and EVF) and the sodium concentrations
in those volume fractions. To the extent that electrolytes
in the blood pool remain regulated, the extracellular
concentration remains constant provided there is ex-
change with the blood pool. Therefore, increased TSC
can arise from increases in interstitial space due to
changes in cellular organization or increased vascular
volume, or from increases in the intracellular sodium
concentration due to impaired energy metabolism or
other metabolic changes that affect sodium exchange
across the cell membrane [14]. Note that while EVF is
also a factor affecting Gd uptake and efflux in '"H CE-
MRI. Factors that determine Gd contrast agent uptake
are vascular volume and interstitial volume (both com-
prising EVF) and the permeability of the barrier be-
tween the vascular and interstitial compartment [15].
The intracellular component of TSC is independent of
those physiological factors and reflects impaired energy
metabolism, and changes in trans-membrane ion trans-
port that have been linked to increased cell proliferation
[16] and invasion [17].

Indeed, tumor cell proliferation is accompanied by a
change in intracellular pH as part of the signaling
mechanism that initiates cell division [18]. Altered
Na*/H" exchange kinetics and an acidic extracellular
microenvironment of the tumor cells both may result in
increases in intracellular Na*™ concentration [19]. In-
creased intracellular sodium concentration [19-21],
increased Na®/H" transporter activity [22], and Na*-
potassium (K") adenosine triphosphatase (Na'/K™-
ATPase) activity [23] have all been linked to tumor
malignancy. Neutron activation analysis (NAA) re-
veals a 60% increase in sodium concentration mea-
sured in pug/g dry weight in infiltrating ductal
carcinomas compared to normal breast tissue [24]. In-
creased thallium (*°'TI) radionuclide uptake, reported
in breast cancer, also provides indirect evidence of al-
tered Na* and K* homeostasis. As a potassium analog,
201T] uptake into the cells is linked to Na*/K* exchange
through the energy-dependent Na®/K'-ATPase. The
uptake through this transporter is enhanced when the
intracellular Na* concentration is high.

TSC measured by >Na MRI is shown to be elevated
by about 50% in malignant brain tumors in humans
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[11]. Preliminary conference reports suggest that *’Na
MRI can yield a full 3D image of the breast with
smaller voxel sizes of ~0.2 ml in 10-15-min scans [7,
25]. The lesion location in **Na images can be accu-
rately determined by co-registering high-resolution 1H
images acquired during the same MRI exam. Other
preliminary results suggest a link between the level of
elevation of TSC and morphologic changes associated
with tumor regression observed in several breast can-
cer patients undergoing chemotherapy [26]. We
therefore hypothesized that increases in EVF and
intracellular sodium concentrations would lead to ele-
vated TSC in malignant lesions, and now report the first
non-invasive quantitative **Na MRI measurements of
TSC in breast cancer to test whether such increases
occur. We investigate whether measures of TSC differ
among malignant tissue, normal glandular tissue, and
benign lesions in patients with suspicious masses iden-
tified by CE 'H MRI, and confirmed by biopsy.

Methods
Patients

Study subjects (female, N =22 age 38-66; mean
52 + 11 years) were recruited from patients presenting
with suspicious findings on X-ray mammography
(BI_RADS' 4, 5), ultrasound, or at clinical breast
examination, and who were scheduled for biopsy with
an estimated lesion size of 1 cm or more. The MRI
examination was performed prior to biopsy in all cases.
Our Institutional Review Board approved this proto-
col, and written, informed consent was obtained from
all subjects prior to the MRI exam.

'H MRI breast protocol

All MRI examinations were performed on a GE
(General Electric Medical Systems, Waukesha, WI)
1.5 Tesla scanner, using a dedicated commercial bilat-
eral phased array breast coil Medrad (Indianola, PA)
for "H MRI, with the patient in the prone position. 'H
MRI was performed using sagittal, fat-suppressed, T,-
weighted (T2W), fast spin-echo (sequence repetition
time, TR =5,700 ms; echo time, TE =102 ms),
and T;-weighted (T1W), fast spoiled gradient
echo sequences (FSPGR; TR/TE = 200/4.4 ms; field-
of-view, FOV = 18-20 x 18-20 cm, adjusted to the size
of the breast; matrix size, 256 x 192; slice thickness,

! ACR BI-RADS Breast Imaging Reporting and Data System,
American College of Radiology.
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4 mm with a 1 mm gap). In addition, fat-suppressed,
3-dimensional FSPGR TI1W (TR/TE = 20/4 ms;
matrix = 512 x 160; 2 mm slice thickness) imaging was
performed before and after intravenous administration
of 0.1 mmol/kg gadodiamide contrast agent (Omni-
scan, General Electric Health Systems). The contrast
agent was injected over 10s, with MRI beginning
immediately after completion of the injection. The
contrast bolus was immediately followed by a 20 ml
saline flush. Total scan time for the '"H MRI protocol
was less than 30 min.

Quantitative 2>Na MRI

For quantitative ~’Na MRI, a custom-made solenoid
coil was used as an insert in a commercially available
'H MRI bilateral phased array coil (Medrad, Indian-
ola, PA). The 11 cm diameter, 8 cm long **Na solenoid
coil yields a practically homogeneous B1 field over a
large part of its volume and, despite some coupling
with the "H coils, allows co-registered '"H MRI images
to be recorded with an adequate signal-to-noise ratio
(SNR). A ring-shaped coil phantom filled with a
150 mM sodium solution served as a fiducial marker
for image registration and as a reference for deter-
mining coil-loading factors.

A *Na twisted projection imaging sequence [27]
was used with an adiabatic excitation pulse replacing
the square pulse in the original sequence to eliminate
the need for flip angle calibrations and corrections for
Bl field inhomogeneity [28]. The high efficiency of the
solenoid »Na breast coil allowed the adiabatic excita-
tion pulse to be played out at approximately 3-5 times

Fig. 1 Image registration of >’Na and 'H images. The images are
from a 39-year-old patient (#10) with a very large locally
advanced breast cancer, all of which show Gd uptake as well as
high TSC. Level contours from the post-Gd injection T1W
images (left, yellow contour lines) were copied to registered **Na
images (right, blue contour lines). Green arrows indicate the
position of the ring-shaped fiducial phantom. The color map for

the RF power level required for a same length 90°
square pulse. This resulted in a homogeneous 90°
excitation throughout the sample, with minimal T,
relaxation losses during the pulse [28]. A TR of 100 ms,
estimated to be 3-4 times the T1 of breast tissue,
obviated the need for saturation corrections and the
very short TE of 0.4 ms minimized T2 losses. Six
averages from 1,240 projections were recorded in
12:24 min [27] for effective isotropic resolution of
6 mm (0.22 ml voxels). Set-up and acquisition of the
ZNa MRI scans took less than 15 min. The total MR
exam time for this protocol was typically less than
45 min.

The **Na data were corrected for k-space sampling
density, linearly gridded with a triangular kernel [29],
and Fourier transformed to a 3-dimensional image of
with a 22 cm FOV and 64 points in all dimensions.

The 'H and **Na images were co-registered in Matlab
(Mathworks, Natick, MA), using Matlab scripts devel-
oped in-house. With this software, intensity level con-
tours can be copied between co-registered images to
guide the placement of regions of interest (ROI) on the
Na images to determine TSC. An example of this
contour level transfer between co-registered sagittal 'H
images and corresponding **Na images is shown in Fig. 1.

For the quantification of TSC in the breast, as a
concentration reference, we used separate scans
recorded of a polypropylene bag with 41 of a 40 mmol/l
NaCl solution in water doped with 2 g/l CuSO,4. We
tested the method in the breast coil setting for SNR and
linearity by imaging seven tubes filled with known
concentrations of NaCl (30, 45, 60, 75 mmol/l) in
aqueous agarose gel doped with CuSOy. The noise level

the **Na images is shown on the right, with an image intensity
scale that was adjusted to approximate the measured sodium
concentrations (for actual TSC measurements, see the Materials
and Methods section). Both the 'H image and the **Na image
were interpolated to a common resolution of 256 x 256 per
image with 3.5 mm slice spacing
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in each 3D **Na MRI data set was measured in a slice
containing no features by averaging the absolute pixel
intensity values over an ROI of 1-2 thousand pixels. All
other intensity measures where corrected for noise by
subtracting the mean noise value found in this ROI.
The standard deviation of the noise in this ROI was
used to calculate SNR for the breast tissues as:

Joo o
SNRtissue _ tlssgi) 'n01se (1)
noise

where ftissue and fnoise are the mean absolute pixel
intensity in the tissue and noise ROI, respectively, and
SD,oise 1S the standard deviation of the noise in the
noise ROIL.

TSC was calculated from mean tissue intensities in
the relevant ROIL, [, and the mean intensity found
in that same location in a concentration reference scan
of the 40 mmol/l concentration reference phantom,
I one.ret, according to Eq. (2). To correct the results for
coil loading differences between patient scan (scan 1)
and concentration reference scan (scan 2), we used the
ratio of the (noise-corrected) signals of the ring-shaped
phantom in the coil, fring, measured from the scan with
the patient and measured from the scan with the con-
centration reference phantom.

itissue - jnoisel
TSCtissue = Cconc—ref = Y
ring = Inoisel | .00q

S (2)
. \‘ Iring _InoiseZ

Iconcfref - InoiseZJ scan?

Statistical analysis

Statistical analyses were performed with Excel software
(Microsoft, Redmond, CA) for all #-tests and Matlab for
the Wilcoxon ranked tests. Sodium concentrations of
different tissues within the patient group were tested
with a paired two-tailed t test for the null hypothesis
that the mean concentrations in the tissues were equal.
Because the plasma sodium concentration is arguably
the maximum achievable value of sodium concentra-
tion in lesions, it is conceivable that the concentration
in lesions does not have a normal distribution around
the means. To account for this, the sodium concentra-
tions in malignant lesions and in remote unaffected
glandular and adipose regions were also compared
using a nonparametric Wilcoxon signed rank test.

For comparison of sodium concentrations in benign
lesions with the TSC found in malignant lesions, an
independent samples two-tailed ¢-test was used.
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In all statistical comparison tests, the null hypothesis
was that the sodium concentrations in the sample
groups were equal with a significance cut-off level of
.05. No Bonferroni corrections were applied because
this correction is concerned with a general null
hypothesis that all null hypotheses are true simulta-
neously [30], whereas in this study the focus is on the
difference between TSC in healthy tissue and TSC in
malignant lesions. Thus, P values of 0.05 or less were
deemed indicative of a significant difference between
the means.

Results
23Na and 'H MRI

Consistently good anatomical and fiducial marker
correspondence was found between the 'H and **Na
images (Fig. 1). The excellent ’Na MRI SNR and the
linear relationship between the SNR and the sodium
concentration is illustrated by the graph in Fig. 2. Even
the tube with the lowest sodium concentration,
30 mmol/l NaCl, yielded an SNR of about 45. In human
subjects, coil loading and increased sample noise

140.0
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Fig. 2 SNR as a function of sodium concentration. Seven 2 cm-
diameter tubes with known NaCl concentrations in aqueous
agarose gels were measured with the *Na MR scan method used
for patient studies. The mean pixel intensities in a 1.5 cm-
diameter circular ROI centered on the tubes were used to
calculate SNR. Insert: A coronal slice from the 3D data set with
the labels indicating the concentration of NaCl in the phantom
tubes
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reduced SNR to 14 + 8 (N = 22) in adipose tissue, to
32 + 10 (N = 19) in non-involved glandular tissue, and
to about 40 + 17 (N = 22) in lesions.

Hyperintense areas in >’Na images of patients cor-
respond to hyperintense areas in the T1W images re-
corded after administration of contrast agent (Fig. 1),
or to cysts or inflamed or edematous glandular tissue.
Differentiation of edematous glandular tissue, cysts,
and suspicious lesions is accomplished by the compar-
ison of fat-suppressed T2W images, and the T1W
images with contrast agent (Fig. 3). A complete set of
registered 'H and >’Na images of a 63-year-old patient
(#10) with infiltrating, poorly differentiated, ductal
carcinoma with necrosis is shown in Fig. 4.

TSC in patients

Nineteen subjects had malignant tumors, and three
subjects had benign lesions. The minimum lesion size
of about 1 cm in the inclusion criteria may have con-
tributed to the relatively low number of benign sub-
jects. The biopsy results for the malignant lesions
indicated invasive ductal carcinomas (N = 14), ductal
carcinoma in situ (DCIS) (N =1), and infiltrating
lobular carcinomas (N = 4). The benign lesions were
fibrocystic changes (N = 1, Fig. 5) and fibroadenomas
(N = 2). Malignant lesions demonstrated an increased
TSC of 53 + 16 mmol/l (N = 19), compared to benign
lesions (26 + 5 mmol/l; N = 3), (P < 0.0004 with a two-
tailed t-test assuming unequal variance). On average,
TSC in malignant lesions was increased by more than
60% of the level in remote glandular tissue, whereas
the TSC in benign lesions was about equal to that of
the TSC found in non-involved, remote glandular tis-
sue (34 + 13 mmol/l; N = 19). In two-tailed, paired #-
tests, the difference between TSC in malignant lesions

and non-involved glandular tissue was significant at
P <5x10° (N = 19) (Table 1).

In three of the 19 patients with malignant lesions, a
reliable TSC reading in uninvolved glandular tissue
was not possible. Patient #9 had three separate
enhancing loci and uninvolved glandular tissue could
only be found close to the nipple, coinciding with the
boundaries of the reference phantom so that no con-
centration reference reading could be obtained for that
region. However, the ratio of the signal intensity of the
lesion to that in uninvolved glandular tissue was
2.3 £ 0.76. Patient #10 had an extremely large lesion
(Fig. 1) with insufficient unaffected glandular tissue
available for a TSC reading. Patient #21 also had
multiple large lesions and a high intensity sodium sig-
nal just under most of the skin, with little unaffected
tissue available for TSC measurements. The region
under the skin showed some Gd uptake, as well as the
presence of some cysts visible in the T2W images. The
TSC in one of the larger fluid pockets just under
the skin was 60 mmol/l. A significant difference was
also found for lesions versus adipose tissue (N = 19;
P < 0.0001). The TSC measurements for all patients
are shown in Fig. 6. Table 1 correlates the individual
biopsy findings with the TSC results.

Discussion

Using non-invasive Na MRI, we report for the first
time that TSC is profoundly elevated in malignant
breast lesions, as compared to normal glandular tissue.
We demonstrate that >*Na MRI can routinely deliver
high SNR (~40) in human breast lesions at 1.5 Tesla,
potentially permitting the detection of small changes in
TSC and quantitative measurements of sodium levels

Fig. 3 'H and **Na images from a 54-year-old patient (#11) with
5.5 cm infiltrating poorly differentiated ductal carcinoma (T3) at
the 12 o’clock position in the left breast. (A) Fat-suppressed T2W
'H image shows mass with T, intermediate signal and edematous
T, bright retroareolar glandular tissue (arrow); (B) co-registered,

fat-suppressed, T1W image post-Gd injections with level contours
in yellow shows enhancement of the mass at 12 o’clock and no
enhancement in the retroareolar glandular tissue; (C) co-
registered 2’Na image with level contours from (B) superimposed
in blue. Region with edema is indicated by a green arrow
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Fig. 4 A complete set of
registered sagittal 'H- and
*Na images from a 63-year-
old patient (#16) with
infiltrating, poorly
differentiated, ductal
carcinoma with necrosis (A)
T1W, (B) T2W fat-
suppressed, (C) pre-contrast
FSPGR T1W. (D) Post-
contrast FSPGR T1W. (E and
F) 2Na MRI with (E) and (F)
without level contours (blue
lines) copied from the post-
contrast image

with a spatial resolution of 0.2 ml in under 13 min.
Whether the approximately 50% increase in TSC in
malignant lesions is due to changes in intracellular
sodium content and/or to changes in EVF cannot be
concluded from this study, but the magnitude of the
changes indicate that the sodium level detected by this
technique is highly specific for malignancy.

The fraction of the TSC that corresponds to intra-
cellular sodium depends on both the IVF and the so-
dium concentrations in each compartment. Normal
[Na]ex is not known for glandular tissue, but between
cell types and even species, all values appear to be
in the range of 8-15 mmol/l. For the purpose of this
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discussion we estimate a value of 12 mmol/l based on
values of 12 mmol/l reported for hepatocytes [31],
erythrocytes [13, 32], and 10-12 mmol/l in mouse
astrocytes [33]. Assuming a 140 mmol/l extracellular
sodium concentration, [Na]ex [34] and the estimated
12 mmol/l intracellular sodium concentration, [Nal;,
for normal glandular tissue, the measured TSC in
glandular tissue (Table 1) would be consistent with an
18% EVF and a 28% intracellular sodium contribution
to TSC?. Microscopy studies of lobular structures of

2 Assuming TSC = (1-EVF)-[Na];, + EVF-[Na]., with EVF =
1-1IVF.
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Table 1 TSC found in patients with benign and malignant lesions expressed in mmol/l tissue and as TSC ratios
Patient # Biopsy findings Age TSC mmol/l TSC ratios
Cat.  Years Lesion Gland Adipose Lesion/ Lesion/adi- Gland/adi-
gland pose pose
1 Fibroadenoma, benign lesion 0 42 31.7 232 165 1.4 1.9 1.4
2 Fibroadenoma, benign lesion 0 41 24.1 340 6.0 0.7 4.0 5.7
3 Proliferative fibrocystic change and sclerosing 0 55 21.6 373 89 0.6 2.4 4.2
adenosis
4 Infiltrating ductal carcinoma 1 43 79.4 49.6 136 1.6 5.9 3.7
5 Invasive ductal carcinoma 1 49 54.7 46.8  20.6 1.2 2.7 23
6 Infiltrating poorly differentiated ductal carcinoma 1 51 34.8 29.8 146 12 24 2.0
7 Invasive ductal carcinoma 1 38 74.0 740 740 1.0 1.0 1.0
8 Infiltrating ductal carcinoma 1 35 37.8 154 10.1 25 3.7 1.5
9 Invasive ductal carcinoma 1 54 424 - 71 - 59 -
10 Infiltrating poorly differentiated ductal 1 63 79.3 - 9.5 - 8.4 -
carcinoma + necrosis
11 Infiltrating ductal carcinoma 1 68 61.8 423 204 1.5 3.0 21
12 Poorly differentiated infiltrating mammary 1 54 38.1 161 9.6 24 39 1.7
carcinoma
13 Infiltrating moderately differentiated 1 61 62.4 354 147 1.8 42 24
adenocarcinoma
14 In situ and infiltrating ductal carcinoma 1 54 42.6 336 159 1.3 2.7 2.1
15 In situ and infiltrating ductal carcinoma 1 41 30.0 21.0 164 1.4 1.8 1.3
16 In situ and infiltrating ductal carcinoma 1 72 74.7 299 108 2.5 6.9 2.8
17 In situ and infiltrating ductal carcinoma 1 39 55.6 282 164 2.0 3.4 1.7
18 Infiltrating lobular carcinoma 2 59 66.8 424 81 1.6 8.2 52
19 Infiltrating lobular carcinoma 2 41 58.5 366 103 1.6 5.7 3.6
20 Infiltrating lobular carcinoma 2 58 333 279 129 1.2 2.6 22
21 Infiltrating lobular carcinoma 2 48 42.5 - 20.0 - 2.1 -
22 DCIS with calcifications 3 66 40.8 27.0 171 1.5 2.4 1.6
Mean 51 53 26 34 16 1.63 4.05 2.54
St 11 16 5 13 14 0.47 2.17 1.35
dev.
Min. 35 30.0 21.6 154 6.0 1.0 1.0 1.0
Max. 72 79.4 31.7 740 740 25 8.4 5.7
N 22 %9 3 19 22 16 19 18

TSC and standard deviations of the means for all patients are given for adipose and uninvolved glandular tissue (except in patients #16,
17, and 21, where no TSC reading for uninvolved glandular tissue could be determined). The mean TSC in lesions (in bold) is
calculated separately for malignant (N = 19) and benign lesions (N = 3)

# All subjects, category 0-3
® Benign lesions, category 0 only
¢ Malignant lesions, category 1-3 only

normal human breast tissue report that the volume
fraction of the ductal lumen is less than 4%, and that of
the blood vessels is about 2%, independent of age (20—
60 years old; N = 58) [35]. This would imply an EVF
contribution from the vessels and lumens of only 6%,
with the remaining 12% made up by interstitial volume
in normal tissue.

Because [Na].x cannot change, the observed 63%
increase in TSC in malignant tissue would correspond
to either an increase in [Na];, of 3.2-fold to 38 mmol/l,
assuming EVF is constant; or to an almost doubling of
the EVF to 34% if [Na];, is assumed constant; or some
combination of both. The EVF in malignant tumors
could be expected to increase with vascularization and

increased interstitial space. Unfortunately, there is no
acceptable, noninvasive way to directly determine EVF
in human breast tissue, but estimates for lesions are
available from dynamic CE MRI studies [36]. Using a
model parameter fit, the mean interstitial volume
fraction for malignant tumors was estimated as ~0.34,
with a plasma volume fraction of about 0.2 [36]. This
might imply a total EVF of 0.54, which is very high and
would not match the microscopic appearance of breast
lesions [37, 38], let alone our maximum EVF estimate
of 31% by *Na MRI. Either way, by both dynamic CE
and »Na MRI considerations, it is likely that most of
the increased TSC observed in malignant lesions is at
least, in large part, due to increases in EVF.
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Fig. 5 'H and **Na images of a benign lesion (#3, proliferative
fibrocystic change and sclerosing adenosis). (A) T2W fat-
suppressed 'H image; (B) fat-suppressed TIW image post-Gd
injections with level contours in yellow; (C) difference image
from fat-suppressed T1W images pre-Gd injection and post-Gd
image (B); (D) registered *Na image with level contours from

malighant
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. _
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60.0 + A
A A
] (]
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°
E 40.0 + % =
—_ A O
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2004 © O [
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| gland °
[
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Fig. 6 TSC found in lesions and unaffected breast tissues in
patients, and the corresponding means from all patients with
error bars at +SD. Benign lesions: open circles. Malignant
lesions: open triangles. Glandular tissue: open squares, and
adipose tissue: closed circles. Data points for glandular tissue and
adipose tissue in patients with benign lesions are slightly offset to
the right, but were included in the means
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(B) superimposed in blue. Green arrows indicate the position of
the benign lesion which shows up clearly on the Gd-enhanced
images (B and C), but not on the T2W or »Na images (A and
D). The color scale of the >>Na image was adjusted to obtain the
level of the reference phantom signals approximately equal to
those in Fig. 3C

On the other hand, the normal intracellular concen-
tration is unlikely to be lowered in any diseased state,
and elevations in [Na];,, would presumably reduce the
ATP needed to maintain the intra/extra-cellular sodium
gradient in proliferating cells. ?Na MRI of TSC in
malignant lesions could provide a useful and indepen-
dent adjunct to CE 1H MRI because it is directly sensi-
tive to changes in EVF, and is not influenced by contrast
agent delivery kinetics, the kinetic modeling, or the
membrane permeability. In addition, TSC measurements
are proportional to changes in [Na];, that are sensitive to
cellular ion pump function, membrane integrity, and
disease state. A reliable, independent means of mea-
suring IVF or EVF would help determine the origin of
the changes in TSC associated with malignancy.

While our data show some overlap between the TSC
of malignant tumors, and the TSC in unaffected glan-
dular tissue (Fig. 6), the ratio of TSC in malignant le-
sions to that in unaffected glandular or adipose tissue is
consistently higher than unity, as indexed by the highly
significant paired statistical differences (Table 1). This
observation offers hope that the technique may help
differentiate malignant tumors from benign lesions
when used in conjunction with other imaging parame-
ters [39]. The scatter in TSC in normal tissues greatly
exceeds that attributable to SNR alone, and is there-
fore likely attributable to heterogeneity among sub-
jects, as well as to tissue heterogeneity within the 6 mm
(isotropic) ?Na MRI voxels in breasts with few areas
comprised of solely glandular or of adipose tissue.
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We conclude that TSC, as measured and imaged by
quantitative noninvasive >Na MRI at 1.5 Tesla, is
significantly higher in malignant lesions than in normal
glandular and adipose tissues, and apparently, benign
lesions as well. We are presently expanding our studies
to a larger patient population to determine whether
TSC images can significantly improve the specificity of
lesion detection in the context of an integrated CE
MRI breast protocol, and to investigate the correlation
between sodium levels and tumor changes in response
to therapy.
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