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Tissue Sodium Concentration
in Human Brain Tumors as

Measured with >>Na MR
Imaging’

PURPOSE: To use combined proton ("H) and sodium 23 (?*Na) magnetic reso-
nance (MR) imaging to noninvasively quantify total tissue sodium concentration and
to determine if concentration is altered in malignant human brain tumors.

MATERIALS AND METHODS: Absolute tissue sodium concentration in malignant
gliomas was measured on quantitative three-dimensional >Na MR images with
tissue identification from registered 'H MR images. Concentration was determined
in gray matter (GM), white matter (WM), cerebrospinal fluid (CSF), and vitreous
humor in 20 patients with pathologically proven malignant brain tumors (astrocy-
toma, n = 17; oligodendroglioma, n = 3) and in nine healthy volunteers. Sodium
concentration in tumors and edema was determined from 2*Na image signal
intensities in regions that were contrast material enhanced on T1-weighted 'H
images (tumors) or regions that were only hyperintense on fluid-attenuated inver-
sion recovery (FLAIR) "H images (edema). Sodium concentrations were measured
noninvasively from ?*Na images obtained with short echo times (0.4 msec) by using
external saline solution phantoms for reference. Differences in mean sodium con-
centration of all healthy tissue and lesions in patients were tested with a paired ¢ test.
Concentration in uninvolved tissues in patients was compared with that in the same
tissue types in the volunteers with an independent samples two-tailed ¢ test.

RESULTS: Mean concentration (in millimoles per kilogram wet weight) was 61 = 8
(SD) for GM, 69 *= 10 for WM, 135 = 10 for CSF, 113 * 14 for vitreous humor,
103 *= 36 for tumor, 68 = 11 for unaffected contralateral tissue, and 98 + 12 for
FLAIR hyperintense regions surrounding tumors. Significant differences (P < .002) in
sodium concentration were demonstrated by using a t test for both tumors and
surrounding FLAIR hyperintense tissues versus GM, WM, CSF, and contralateral
brain tissue.

CONCLUSION: ?*Na MR imaging with short echo times can be used to quantify
absolute tissue sodium concentration in patients with brain tumors and shows
increased sodium concentration in tumors relative to that in normal brain structures.
© RSNA, 2003

Sodium concentration is sensitive to disease as an indicator of cellular and metabolic
integrity and ion homeostasis (1-6). Angiogenesis and cellular proliferation are important
indicators of tumor malignancy. Changes in sodium/hydrogen (Na*/H™") exchange kinet-
ics are part of the signaling mechanism that initiates cell division (7). Cell division and the
acidic extracellular microenvironment of tumor cells are both associated with an increase
in intracellular Na* concentration ([Na*],,). Increased [Na'],, (4-6), increased Na*/H™"
transporter activity (7), and altered (Na*/K™)-adenosine triphosphatase activity (8,9) have
all been linked to tumor malignancy. In a recent study (10), investigators subcutaneously
implanted a 9L glioma model in rats and indicated that successful chemotherapy can lead
to normalization of the initially elevated sodium concentration as seen with conventional
(single-quantum) and multiple-quantum **Na magnetic resonance (MR) spectroscopy.
Sodium 23 (**Na) MR imaging of the human brain was performed about 15 years ago
(11), but the intrinsically low signal-to-noise ratio of 2Na MR imaging led to relatively
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long imaging times and/or poor spatial
resolution compared with those of pro-
ton (*H) MR imaging. Those limitations,
combined with the declining availability
of broadband capability required for >Na
MR imaging, restricted the use of **Na
MR imaging to a few research sites. Inter-
est in 2*Na MR imaging has been rekin-
dled with the development of ultrashort
echo time sequences (12) and hardware
improvements (13,14) that permit better
spatial resolution with shorter imaging
times and better quantitative measure-
ments of tissue sodium concentration.
23Na MR imaging can now be performed
in about 15 minutes, which allows it to
be combined with a comprehensive 'H
MR imaging protocol. Prior >*Na MR im-
aging findings showed elevated **Na sig-
nal intensities in brain tumors in mice
(15), rats (16), and humans (17). In hu-
mans, elevated **Na signal intensities
were found in edema and in gliomas but
not in meningiomas (17). In patients
with meningiomas, elevated **Na signal
intensity was seen in the peritumoral pa-
renchyma and was attributed to edema
(17,18). An increase in 2*Na signal inten-
sity was also reported in experimentally
induced acute and chronic cerebral edema
in dogs (18). Consequently, it is currently
unclear whether the increase in >*Na sig-
nal intensity in malignant tumors is sig-
nificantly different from that in peritu-
moral edema. Therefore, to quantify and
characterize tissue sodium concentration
in tumors and to distinguish the results
from those of peritumoral edema, it is
important to combine ?*Na MR imaging
with a method of discriminating between
edema and tumor. Therefore, we used con-
trast agent—enhanced T1-weighted '"H MR
imaging and fluid-attenuated inversion
recovery (FLAIR) MR imaging to define
regions for quantification of tissue so-
dium concentration that are likely to rep-
resent tumor and edema.

The observed tissue sodium concentra-
tion is composed of the weighted average
of extracellular sodium content ([Na*],,)
and [Na*];, in the tissue being examined.
[Na*]., at 140 mmol/L is typically much
higher than is [Na*],,, which is about
10-15 mmol/L. Arguably, the more phys-
iologically relevant information is in the
intracellular component, reflecting the
ability of the cell to pump out sodium
ions, whereas [Na*]., will remain virtu-
ally constant as long as there is adequate
perfusion to the tissue. When the relative
contribution of the [Na*],, to the tissue
sodium concentration is large, as it is in
brain tumors, the sodium concentration
provides a measure of metabolic changes

530 - Radiology - May 2003

affecting [Na™],,. Estimates for the extra-
cellular volume fraction in the brain vary
from 6% to 20% (16). When one consid-
ers that tissue perfusion fixes the extra-
cellular concentration at about 140
mmol/L, assuming a normal intracellular
concentration of 12 mmol/L, it can be
calculated that the contribution of
[Na*];, in normal tissue is between 26%
and 57%. More than half of the com-
bined **Na signal is due to intracellular
2%Na when the partial volume of the ex-
tracellular compartment is less than 7%.
Thus, despite the inability to resolve in-
tra- and extracellular components of the
23Na signal, the measurement of sodium
concentration is a sensitivity measure of
[Na+]in'

The goal of the present study was to
combine 'H and ?*Na MR imaging to
noninvasively quantify total tissue so-
dium concentration and to test whether
concentration is altered in malignant hu-
man brain tumors.

MATERIALS AND METHODS

Participants

The ?3Na and 'H MR imaging protocol
was performed in 20 consecutive patients
(12 men, mean age of 39 years = 13 [SD]
and age range of 25-65 years; eight
women, mean age of 43 years = 16 and
age range of 16—67 years) with malignant
brain tumors (astrocytoma, n = 17; oli-
godendroglioma, n = 3) that were patho-
logically proven prior to therapy or sur-
gical intervention. An additional six patients
underwent MR imaging but were omitted
from the results because they had benign
lesions (four meningiomas and two cysts).
The protocol, excluding contrast-enhanced
'"H MR imaging, was also applied to nine
healthy volunteers (six men, three women;
age range, 22-63 years) who served as
control subjects. The volunteers had no
symptoms, no evidence of a lesion at MR
imaging, and no history of brain tumors
or other neurologic disease. Our institu-
tional review board approved the study
and required written informed consent
from all volunteers prior to MR imaging.

MR Imaging

All MR imaging was performed with a
commercially available 1.5-T MR imag-
ing system (Signa Echo Speed on a 5.8
Epic platform; GE Medical Systems, Mil-
waukee, Wis) equipped with spectroscopic
broadband capabilities and a gradient ac-
celerator module. Gradient amplifiers were
capable of generating waveforms with a
maximum amplitude of 2.2 mT/m and a

maximum slew rate of 120 mT/m/msec.
Individuals were positioned supine with
their heads in a cradle. The cradle al-
lowed switching between a 'H quadra-
ture coil and a *Na quadrature head coil
without moving the individual’s head.
The long axis of the **Na coil was cen-
tered 1-2 cm above the glabella to pro-
vide a reproducible radio-frequency (B,)
field. Two 2.7 X 10-cm tubes of sodium
gel were placed parallel to the long axis of
the coil on either side of the head to serve
as concentration references and fiducial
markers. The tubes contained 2% agarose
gel made of 60- and 120-mmol/L NaCl
solutions in deionized water, doped with
2 g/L CuSO,. The automatic shimming
routine of the MR imager was used to
optimize the magnetic field homogeneity
on the basis of the 'H signal by using the
body coil or the imager’s 16-element
quadrature 'H head coil. In all patients,
23Na MR imaging was performed prior to
contrast-enhanced 'H MR imaging to
avoid any potential effects of residual
contrast agent on the >>Na images.

For quantitative measurements of tis-
sue sodium concentration, corrections
for saturation were applied, except where
excitation with a 90° flip angle was used
with a repetition time (TR) of more than
three times the longest longitudinal T1.
The ?*Na T1 in the human brain and the
B1 field homogeneity of the **Na bird-
cage coil applied to the head were both
mapped three dimensionally (3D), as de-
scribed in the following sections.

23Na MR Imaging

The %*Na coil was a custom-built 16-
element 2*Na birdcage coil tuned to 16.9
MHz and interfaced with a carbon 13 MR
spectroscopy preamplifier and the broad-
band transmitter by means of a quadra-
ture 90° phase-splitter circuit. A nonse-
lective **Na free induction decay was
used to center the spectrometer frequency
to the 3Na resonance and optimize the
transmit gain for maximum signal inten-
sity with a nominal 90° nonselective
block pulse excitation of 0.4 msec. The
transmit gain was fine tuned by adjusting
it to achieve a signal null (a 180° flip
angle) with an excitation pulse of twice
the length (0.8 msec). A 3D twisted-pro-
jection imaging sequence with 1,240 pro-
jections on 22 cones in 3D k space was
used with gradient strengths of up to 1.6
mT/m (12). The projections were over-
sampled by 1,796 points over 29 msec
with the receiver bandwidth set to 31.25
kHz: The signal-to-noise ratio is deter-
mined by the effective bandwidth of
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about 1.1 kHz that is obtained after re-
gridding. To maximize detection of the
short T2 component, the 0.4-msec 90°
pulse was followed by a 0.17-msec gradi-
ent delay to yield an echo time of 0.37
msec. The images were recorded with a
TR of 120 msec and an estimated specific
absorption rate of 0.2 W/kg. Given the
short T1 of sodium in brain tissues
(10-30 msec), a TR of 120 msec corre-
sponds to nearly fully relaxed conditions
for normal brain tissue. Six signals were
acquired for each of the 1,240 projections
to give a total imaging time of 14 min-
utes 52 seconds. The raw image data were
regridded to 64 X 64 X 64 k-space points
and Fourier transformed to a final image
size of 64 X 64 X 64 pixels with a field of
view of 22 cm in all directions (12). The
pixel size was 0.34 mm isotropically or
0.04 mL, but the empirically determined
spatial resolution was about 0.2 mL iso-
tropically (12).

Coil Sensitivity Mapping

The coil sensitivity was mapped by us-
ing the same 2*Na MR imaging protocol
with varying transmitter gains, with the
coil applied to the head of a healthy vol-
unteer. The transmitter gain was first op-
timized for a nominal 90° pulse as de-
scribed above, and 23Na images were
obtained. 2*Na MR imaging was then re-
peated with the transmitter gain in-
creased and decreased by 3 dB to yield
images with nominal (unlocalized) flip
angles of 45°, 90°, and 135°. These images
were reconstructed with matrix sizes re-
duced to 32 X 32 X 32 points. For points
on images with intensities on the nomi-
nal 90° image that were above a thresh-
old of 5% of the maximum intensity, the
B1 field strength was determined with a
nonlinear least squares fit of the intensi-
ties of the corresponding pixels k in all
three images to a function relating the
image intensity to the local coil receive
and transmit sensitivities described in de-
tail in the Appendix.

T1 Measurements

The T1 of brain tissue was measured in
healthy volunteers with 2*Na twisted-
projection MR imaging repeated with dif-
ferent TR values of 40, 85, and 120 msec,
with 12, eight, and six signals acquired,
respectively, to maintain imaging times
of 11-15 minutes and nominal 90° flip
angles. The images were processed as de-
scribed above, scaled according to the
number of signals acquired and the aver-
age signal intensity measured in manu-
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ally prescribed regions of interest (ROIs)
in gray matter (GM), white matter (WM),
cerebrospinal fluid (CSF), and vitreous
humor. T1 values were calculated from
the average signal intensities (I,) found
in identical ROIs on all three images by
using a nonlinear least squares fit to

I, =A[1 — Bexp(—TR/T1)] (1)

(Multifit for MacIntosh PowerPC; Day
Computing, Cambridge, England) with
constants A and B.

Quantification of Sodium
Concentration

To ensure precise anatomic localiza-
tion and radiologic evaluation of lesions,
'H MR imaging was performed after >*Na
MR imaging. Contrast-enhanced (Mag-
nevist; Berlex, Montville, NJ) MR imag-
ing was clinically prescribed for most pa-
tients (n = 12) as part of their standard
preoperative MR examination.

The 'H MR examination consisted of a
FLAIR (9,000/153/2,200 [TR msec/echo
time msec/inversion time msec]) sequence,
a full-brain T2-weighted fast spin-echo
(6,000/95; echo train length, eight; 256 X
256 X 60 voxels at a 240 X 24 X 180-mm
field of view) sequence, and a contrast-
enhanced T1-weighted 3D spoiled gradi-
ent-echo sequence (1.2/2.1/300, 1.5-mm
section thickness, 256 X 256 X 124 vox-
elsata 240 X 24 X 180-mm field of view).
Finally, after manual bolus injection of
20 mL of contrast material, about 40
coronal and 30 sagittal fast spin-echo im-
ages were obtained (400/21; flip angle,
90°; 5-mm section width).

Data Processing

The reconstructed ?*Na and 'H images
were regridded to 128 X 128-pixel reso-
lution and 32 or 64 sections and regis-
tered by matching their orientation and
field of view with the full-brain T2-
weighted 3D image set. The images were
regridded by means of 3D linear interpo-
lation in Matlab (Mathworks, Natick,
Mass) by using header information from
the gradient-echo MR image files to con-
struct grids for the original and desired
data point locations. For comparison of
tumor and contralateral tissue, contrast-
enhanced 'H images were used to deter-
mine ROIs, which were projected onto
the *Na MR images. The mean values
and SDs of the pixel intensities in these
contrast-enhanced ROIs were determined
and labeled as tumor. Areas of hyperin-
tensity on FLAIR images, excluding those
regions that were contrast enhanced on
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'H images, represented tissues that prob-
ably contained edema and/or infiltrative
tumor. Signal intensities in these regions
were quantified on the ?*Na images as
well. The ROIs for uninvolved contralat-
eral tissue were created by mirroring the
locations of the ROIs containing tumor
in relation to the location of the central
fissure, except for in patients in whom
the tumor location or brain deformation
prevented accurate positioning with this
method. In those patients, the ROIs for
uninvolved contralateral tissue were ei-
ther placed manually or omitted. The
mean **Na image signal intensities in
GM, WM, CSF, and vitreous humor were
quantified in ROIs that were indepen-
dently and manually placed (R.O.,
M.G.P.). The result was that values from
multiple sections were averaged for the
various tissue types in each patient.

Correction factors for saturation for
each pixel k, SF,, were calculated with T1
and B1 values (in Teslas) determined from
coil sensitivity mapping and T1 measure-
ments (Eq [1]) as described in the Appen-
dix.

The mean sodium concentration per
kilogram wet weight in the kth ROI was
then determined from

I

e — b

Rk ° SFk
[Najy=—_""}5—, 2
where R, is the sensitivity of the coil in
location k. The factor D is the tissue den-
sity in kilograms per liter. D was 1.038
kg/L for WM (19), 1.034 kg/L for GM,
and 1.038 kg/L for tumor on the basis of
no significant difference in water content
or specific gravity between tumor and
surrounding WM (19). The coefficients a
and b were calculated from the sodium
concentrations C; and C, and signal in-
tensities I; and I, of the two phantoms as

I, I
R,-SF, R,-SF,
a="—c_—c 3)
and
po L C 4
= m —a-Cy, (4)

where R, and R, are sensitivity factors.
For calculations of mean sodium con-
centration in ROIs within the same trans-
verse section, the sensitivity factors R,
and R, were set to unity. The mean signal
intensities of all phantom ROIs were plot-
ted against transverse section position to
determine sensitivity changes over the
long axis of the coil. Because the signal
intensity from the phantom with the
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TABLE 1

23Na Concentrations Measured with MR Imaging in Brain Tissues and Tumors

Study No. of Study Subjects Tumor GM WM CSF Vitreous Humor
Present study (patients) 20 104 = 33 61 =9 71 =13 135 =11 112 =15
Present study (control subjects) 9 NA 60 = 6 69 = 11 135 =15 130 =18
Winkler et al, 1989 (20) 4 NA 69 + 16 34+7 109 = 20 NA
Constantinides et al, 2000 (21) 3 NA NA 43 +0.9 121 + 0.5 NA
Summers et al, 1991 (15) 29 87 = 29* NA NA NA NA
Goldsmith and Damadian, 1975 (1) 18 83-141% NA NA NA NA

* IMR-5 neuroblastoma in nude mice.

Note.—Data are mean ?*Na concentrations (millimoles per kilogram wet weight) = SD unless otherwise indicated. NA = not applicable.

Values are concentration range for Walker-256 carcinosarcoma (n = 5) and Novikoff hepatoma (n = 5) grown in rats and Ehrlich ascites tumor
(n = 2) and sarcoma-180 (n = 6) grown in mice.

highest sodium concentration was al-
ways constant within 5% over 8 cm of its
length, the sodium concentration for tis-
sues within this region was calculated
with Equations (2)—(4) by using the aver-
age phantom signal intensity over multi-
ple sections. Sodium concentration was
always determined by averaging the con-
centrations in ROIs from the same tissue
types in multiple sections in each pa-
tient. If the sodium concentration in tu-
mor or the eyes showed variations be-
tween sections that could be due to
partial volume effects, data from these
sections were omitted from the averages.

Statistical Analysis

All statistical analyses were performed
with Analyse-It Excel add-in software
(Analyse-It, Leeds, England). Sodium
concentrations of different tissues within
the patient group were tested with a
paired two-tailed t test for the null hy-
pothesis that the mean concentrations in
the tissues were equal. Because the
plasma sodium concentration is arguably
the maximum achievable value of so-
dium concentration in lesions, it is con-
ceivable that the concentration in lesions
does not have a normal distribution
around the means. To account for this,
the sodium concentrations in contrast-
enhanced lesions (tumor) and in FLAIR
hyperintense nonenhanced regions sur-
rounding tumors were also compared
with the mean calculated concentrations
in all unaffected tissues, including con-
tralateral uninvolved tissue, by using a
nonparametric Wilcoxon signed rank test.

For comparison of sodium concentra-
tions in unaffected brain tissues of pa-
tients with brain tissue types similar to
those of healthy volunteers, an indepen-
dent samples two-tailed t test was used.

In all statistical comparison tests, the
null hypothesis was that the sodium con-
centrations in the sample groups were
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Sections from the 3D map of the B, field of the quadrature coil measured in the head

Figure 1.
of a healthy volunteer. Section spacing is 6.8 mm, and field of view is 22 X 22 X 11 cm. The
shades of gray correspond to B, field strengths expressed in Hertz, as shown in the gray scale bar.
The B, set on an unlocalized signal was 625 Hz, which corresponded to a 400-psec block pulse
width for a 90° flip angle.

equal with a significance cutoff level of
.05. Thus, P values of .05 or less were
deemed indicative of a significant differ-
ence between the means.

(perpendicular to the long axis of the
coil) is uniform within about + 8%. With
the nominal B, field strength (yB1/2w)
set to 625 Hz to generate a 90° flip angle
for the observed bulk signal by using the
400-psec block pulse as described in Ma-
terials and Methods, the B, field strength

RESULTS

A 3D coil sensitivity map calculated from
data recorded in a healthy volunteer is
shown in Figure 1. The map shows that
the B, field strength in transverse planes

for the brain varies between 550 and 650
Hz along the long axis of the birdcage
coil. However, it is essentially constant
within transverse sections. The effect of
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Figure 2. Graph shows combined effect of
flip angle variations due to B, inhomogeneity

550

(Appendix) for the B, field range measured for

and saturation calculated with Equation (A4)
the 2*Na coil applied to a volunteer’s head (550

Hz < yB,/2w < 650 Hz) for a T1 of 20, 30, and

40 msec and a TR of 120 msec.

the resulting variation in excitation pulse

surements in a healthy volunteer yielded
values of 11.2 msec += 0.4 for GM, 16.9
msec + 0.3 for WM, 20 msec *+ 2 for CSF,
26 msec * 5 for vitreous humor, and 32
msec = 5 for the CuSO,-doped gel phan-
toms. In two volunteers and two pa-
tients, however, the ratio of the CSF sig-
nals for acquisitions with TRs of 85 and

flip angle on the received signal is mini-
mized when the TR > T1. The T1 mea-

120 msec was 1.08 = 0.04, which corre-
sponds to a T1 of about 40 msec but is
not consistent with a T1 of 20 msec. The
SF, values calculated with Equation (A4)

for tissues with T1ls of 20, 30, and 40

msec at a TR of 120 msec are plotted in
Figure 2. This shows that the combined
effects of saturation and flip angle varia-
tions across the brain with a B; field
strength ranging from 550 to 650 Hz are

The normal sodium concentration in
various tissues as determined from 11
23Na images in the brains of nine volun-

less than 6% for CSF or phantoms with
teers are listed in Table 1.

T1s of 20-40 msec and less than 2% for

GM and WM with a T1 shorter than 20

msec.

The diagnoses and quantitative so-
dium concentrations for 20 patients are
summarized in Table 2. In every patient,
a contrast-enhanced region was found.
In every case, sodium concentration in
tumor was considerably greater than that
in uninvolved WM, GM, or contralateral

tissue from the same patient. Mean con-
centration in tumor was comparable to
values for vitreous humor but was 1.6-
fold higher than that in GM, 1.4-fold
higher than that in WM, and 1.4-fold
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higher than that in contralateral tissue.
Sodium concentration in tumor was
about 25% lower than that in CSF. All
patients had a contrast-enhanced region,
but only 12 patients had a FLAIR hyper-
intense nonenhanced region large enough
to quantify sodium concentration unam-
biguously. In nine of these patients, so-
dium concentration in the FLAIR hyper-
intense nonenhanced region was lower
than that in the corresponding tumor,
and overall, mean concentration in
FLAIR hyperintense nonenhanced tissue
was about 13% lower than that in tumor
in the patient group as a whole. Repre-
sentative 2*Na images from the 3D data
sets acquired from all of the patients are
shown in Figure 3. In each case, tumors
appear as hyperintense regions. Figure 4
is a bar graph that summarizes mean so-
dium concentration levels for all the tis-
sue types quantified, averaged for all in-
dividuals.

In some patients, heterogeneity of so-
dium concentration was observed within
the tumor and/or FLAIR hyperintense
nonenhanced regions surrounding tu-
mor. This is exemplified in the sets of 'H
and ?*Na MR images in patient 15, a 39-
year-old woman with a glioblastoma
multiforme in the right parietotemporal
lobe, as shown in Figure 5. The patient
had extensive hyperintense regions sur-
rounding the tumor (Fig S5a-5d). The
23Na signal intensities in the ROI with
FLAIR hyperintense nonenhanced tissue,
as well as in the ROI with tumor, are
variable (Fig Se, 5f). The SD of the signal
intensities within the FLAIR hyperin-
tense nonenhanced regions in this pa-
tient was more than 20% of the mean.
This is high when compared with the SDs
found for signal intensities of less than
3% of the mean in WM and CSF regions.
Visual inspection of the GM regions in
Figure Se and 5f shows the sodium con-
centration in GM to be nonuniform also,
perhaps as a result of varying degrees of
CSF and/or WM contamination. When
averaged within the ROI used for quanti-
fication, however, the sodium concentra-
tion in GM was fairly uniform between
transverse sections in the same individ-
ual. A plot of sodium concentrations in
normal brain tissues and tumor from pa-
tient 5 is shown in Figure 6. The phan-
tom signal intensities shown as crosses
connected by a thick (120-mmol/L phan-
tom) or thin (60-mmol/L phantom) line
are almost constant, except for decrease
in the signal intensity of the 120-mmol/L
phantom beyond section number 43,
corresponding to the tapered end of this
phantom tube. The sodium concentra-
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Figure 3.

Selected sections from the 3D #*Na MR images of all 20 patients listed in Table 2 with

arrows indicating the position of the lesions. All sections were selected for maximal cross-
sectional area through the tumor and are transverse sections except for those in patients 3, 5, and
14, for whom coronal sections are shown, and patient 13, for whom a sagittal section is shown.

150

100 N.S.

#Na (mmol/kg wet weight
=

P <0.05//p <0.05

GM WM Con

' Tumor
Tissue

FHN CSF

Figure 4. Average sodium concentration in GM, WM, CSF, tumor
(contrast-enhanced hyperintense region), regions with edema or in-
filtrating tumor (FHN = FLAIR hyperintense nonenhanced region
surrounding tumor), contralateral regions (Con) (relative to tumor),
and vitreous humor (VH) in patients with gliomas.

tion as a function of section position shows
an almost (inverted) parabolic pattern in
the tumor and eyes (vitreous humor).
Results of all statistical tests comparing
sodium concentrations in tumor and
other tissues are summarized in Table 3.
By using a two-tailed paired samples t
test, significant differences (P < .002)
were demonstrated between tumor (n =
20) and uninvolved contralateral brain

tissue (n = 18), tumor and GM (P < .001),
tumor and WM (P < .001), and tumor
and CSF (P < .001). The differences be-
tween tumor and surrounding FLAIR hy-
perintense nonenhanced regions (n =
12) were found at the .05 level of signif-
icance.

The Wilcoxon signed rank test yielded
the same results with similar significance.
Significant differences (P < .002) were

Ouwerkerk et al



Radiology

Figure 5. Patient 15.

found between tumor (n = 20) and FLAIR
hyperintense nonenhanced regions (n =
12), tumor and GM (P < .001), tumor and
WM (P < .001), and tumor and CSF (P <
.001), while differences between tumor
and surrounding FLAIR hyperintense

Volume 227 - Number 2

'H and ?*Na MR images in a 39-year-old woman with glioblastoma
multiforme in the right temporal lobe. A, B, Transverse FLAIR MR images with level contours in
yellow and contours from the matching contrast-enhanced images C and D superimposed in red.
C, D, Contrast-enhanced T1-weighted MR images with level contours in yellow and FLAIR
contours superimposed in red. E, F, **Na MR images with FLAIR and contrast-enhanced contours
superimposed in blue.

nonenhanced regions (n = 12) were
found at the .05 level of significance.
No statistically significant difference at
the .05 level was found with use of a
two-tailed independent samples t test be-
tween values for parenchymal brain tis-

sues in patients compared with values for
the same tissues in healthy volunteers.

DISCUSSION

The technique used for quantitative mea-
surement of sodium concentration in brain
tissues with use of external references yields
reproducible results. The concentration cal-
culated for GM is comparable to values ob-
served previously with ?*Na MR imaging
(20). The sodium concentration for CSF is
higher than that observed previously with
23Na MR imaging (20,21) but is in line with
the value in the literature of 145.6 mmol/
L *= 20.63, which was obtained with atomic
absorption spectrometry (22). The sodium
concentration found in vitreous humor is
lower than the atomic absorption spectrom-
etry value of 142 mmol/L in the literature
(23).

The sodium concentration determined
for GM agreed with prior 2Na MR imaging
measurements, whereas sodium concentra-
tion in WM is somewhat higher than that
reported previously (20). This could be at-
tributable to differences in the amount of
partial volume contamination with CSF be-
tween the present study and the study of
Winkler et al (20) as a result of differences in
effective voxel size and/or geometry. The
theoretical voxel size in the study of Win-
kler et al was 0.7 X 0.7 X 1.0 cm, whereas
the measured voxel size for the technique
used in our study was 0.6 cm isotropically
(12).

On the other hand, sodium concentra-
tion measured with the twisted-projection
imaging sequence with ultrashort echo
times in the present study is certain to be
higher than values measured in previous
studies in which spin- or gradient-echo MR
sequences were used (20) because of the loss
of signal intensity from the fast T2 compo-
nent of in vivo **Na MR signals (24). The
23Na signal in brain tissue exhibits biexpo-
nential transverse (T2) relaxation with fast
and slow relaxing components in which
fractions may also change with disease (25).
The fast-relaxing component contributes
up to 60% of the signal with a T2 in the
range of 0.5-5.0 msec, depending on tissue
type. The fastest >*Na T2 value found in the
literature for this component in human
brain tissue is slightly more than 2.0 msec
(21). Thus, for >*Na MR imaging performed
with echo times shorter than 0.4 msec in
the present study, the maximum possible
signal intensity loss is less than 10%. Any
change in the ratio of the fast and slow
relaxing components will reduce this signal
loss even further. With an echo time of 2.0
msec or longer, such changes can have a
much larger effect on signal intensity.

Thus, the differences in sodium content
of GM and WM observed earlier with **Na
MR imaging (26) may additionally re-
flect differences in relaxation components
rather than changes in sodium concentra-
tion per se.

Tissue Sodium Concentration in Human Brain Tumors - 535
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TABLE 3

P Values for 22Na Concentrations in Brain Tissues

FHN (n = 12)

GM WM CSF Tumor Contralateral Tissue FHN
Tissue Type (n = 20) (n = 20) (n = 20) (n = 20) (n = 18) (n=12)
GM (n = 20) <.002 <.001 <.001 <.01 <.001
WM (n = 20) S <.001 <.001 NS <.002
CSF (n = 20) S <.001 <.001 <.001
Tumor (n = 20) S <.001 NS
Contralateral tissue (n = 18) cee

<.02

Note.—P values obtained with the paired t test. Significance cutoff was .05

. FHN = FLAIR hyperintense nonenhanced tissue, NS = not significant.

Measurement of T1 confirmed that at a
TR of 120 msec, the signals from brain tis-
sues are nearly fully relaxed. Therefore, no
corrections for saturation or flip angle were
applied. The T1 determined for CSF was
much shorter than the longest T1 of 90
msec reported in the literature (26). Even
assuming that the T1 of CSF is about 40
msec, saturation has an almost negligible
effect on the signal of CSF at a TR of 120
msec, as can be seen in Figure 2.

The high sodium concentration found in
FLAIR hyperintense nonenhanced regions
are consistent with findings in animal and
human **Na MR imaging studies that show
elevated sodium concentration in edema and
in tumors (17,27). Findings in the present
study demonstrate (noninvasively) in hu-
mans that the hyperintensity found in tu-
mors and edema in earlier >*Na MR imaging
studies of brain tumors (17,27) is in fact a
result of an increase in sodium concentra-
tion and is not entirely attributable to altered
23Na relaxation times.

Although the observed sodium concen-
tration reflects the sum of [Na'],, and
[Na*].,, because [Na*],, in the blood pool is
maintained essentially constant by the kid-
neys, the large increases seen here in tumors
and edema likely reflect altered ion ho-
meostasis. In particular, the almost 60% av-
erage increase in sodium concentration
seen in tumors requires either a several-fold
increase in [Na™];, or a similar increase in
extracellular volume fraction or a combina-
tion of both in these disease types. Assum-
ing a normal [Na*];, of 12 mmol/L and a
normal extracellular volume fraction of
13%, the increase in [Na*];, would have to
be about 240%, or, conversely, at a constant
[Na'];,, the extracellular volume fraction
would have to increase by 380%.

Most likely, the increase in sodium con-
centration we observed in malignant tu-
mors reflects both changes in extracellular
volume fraction and in [Na*],,. Reduced
(Na*/K")-adenosine triphosphatase activity
(6) and altered Na*/H* exchange (28) kinet-
ics that lead to increased [Na™],, are associ-
ated with malignancy (6,29). Similarly, tu-
mor neovascularization and increase in
interstitial space both lead to increased ex-
tracellular volume fraction and are also as-
sociated with the potential for tumor pro-
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Figure 6. Patient 2. Graph shows sodium concentrations as a func-
tion of transverse section number (head to feet, with section spacing
of 2.5 mm) for a 26-year-old man with oligodendroglioma. The two
lowest traces are the phantom signal intensities on an arbitrary scale.
All lines are spline fits to guide the eye. @ = GM, 0 = WM, A =
uninvolved contralateral brain tissue, ¢ = FLAIR hyperintense non-
enhanced tissue (edema and/or infiltrating tumor), A = tumor, O =
vitreous humor, ® = CSF. Crosses connected by a thin (bottom trace,
60-mmol/L NaCl phantom) and a thick (top trace, 120-mmol/L NaCl
phantom) line indicate signal intensities for the phantoms in arbi-
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trary units (axis on right).

liferation. Therefore, sodium concentration
levels in malignant tumors are likely to be
elevated. From the clinical standpoint, the
high sodium concentration in edema makes
it imperative that quantification of sodium
concentration in tumors is performed with
the guidance of "H MR imaging with FLAIR
and/or contrast-enhanced imaging sequences
to help define abnormal regions. In the
present study, the use of state-of-the-art re-
ceivers and coils and the twisted-projection
imaging pulse sequence made it possible to
collect 3D ?*Na images with good signal-to-
noise ratio in less than 15 minutes, permit-
ting use of combined ?*Na and 'H MR im-
aging protocols with total examination
times of about 45 minutes.

The heterogeneity of sodium concentra-
tion observed within FLAIR hyperintense

contrast-enhanced regions and within FLAIR
hyperintense nonenhanced regions suggests
that 2*Na MR imaging may add information
to a comprehensive 'H MR examination.
Because our '"H MR imaging data provided
no objective criteria to subdivide the tumor
regions, however, sodium concentration
was averaged over the surgically relevant
contrast-enhanced regions. However, the
increase in sodium concentration averaged
for all contrast-enhanced regions may ob-
scure the presence of even higher sodium
concentration in proliferating parts and
lower sodium concentration in dormant or
slow-growing regions of tumor. Similarly, av-
eraging sodium concentration for FLAIR hyper-
intense nonenhanced regions disregards the
heterogeneity of sodium concentration in these
regions, which could be indicative of the pres-
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ence of infiltrating tumor rather than
edema. Thus, one difficulty in further dif-
ferentiating these regions is the lack of
other suitable noninvasive imaging ap-
proaches that may be used as a standard of
reference in human patients.

In conclusion, measurements of sodium
concentration with **Na MR imaging can
help identify malignant tumors with regard
to the intrinsic changes that occur in tumor
Na™/K" pump function. Therapies that alter
tumor ion homeostasis or affect or destroy
tumor cell membrane integrity are likely to
generate changes that are observable with
2*Na MR imaging and sodium concentration
measurements. With these measurements,
changes can be observed much earlier than
the effects of anatomic remodeling. There-
fore, these techniques may prove useful in
providing early noninvasive metabolic mark-
ers of tumor response to therapy without re-
quiring exogenous contrast-enhanced or ra-
dionuclide imaging agents. When used in
conjunction with "H MR imaging protocols
such as the FLAIR sequence, MR imaging con-
trast agents, and T2-weighted imaging meth-
ods, #*Na MR imaging may provide addi-
tional functional information on the
morphology of tumors that may enhance vi-
sualization of a necrotic core or proliferating
periphery or improve diagnostic specificity
with multiparametric analysis methods.

APPENDIX
Coil Sensitivity Mapping

The relationship between signal intensity
and coil transmit and receive sensitivity
used for coil sensitivity mapping was

Iy = Ri* Moy - [sin(dy)), (A1)

where I, is the signal intensity of the kth
pixel, Ry is a sensitivity factor to account for
coil sensitivity variations that are normal-
ized to the sensitivity at the coil center, M
is the equilibrium magnetization, and ¢, is
the flip angle, which is determined from the
empirical relation between transmitter gain
setting TG (in decibels):

b = (C+RY - 102, (A2)

(C- Ry and M, were each fitted with a single
parameter for each pixel. The constant C is
independent of spatial position, and receive
sensitivity is directly proportional to transmit
field distribution for the coil. After normaliza-
tion, the product (C - R,) thus yields the rela-
tive sensitivity R, for the kth pixel. The B,
field strength, expressed as yB,/2w in Hertz,
was calculated from the reference transmit
power, Tgref, at which an unlocalized 90° ex-
citation is achieved by means of

YBix
2

— (C . Rl\) . 10TGref/ 20/(tp . 2,.‘1.)’ (A3)

where tp is the pulse duration (400 psec).
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Correction for Saturation and Coil
Sensitivity

The correction factor SF, to adjust signal
intensity in a pixel or region k for effects of
saturation and local coil sensitivity was cal-
culated from the local B, field B, and the
tissue T1 as

_ - TR/T17, i ¥Bik
[—e ] sm(tp o

YBi\ 1’
_ ,—TR/T1,
[1 e cos(tp e >]

(A4)

where B, is the B, field in the respective
ROI and vy is the gyromagnetic ratio for
23Na. The pulse time tp was always 0.4 msec,
and the TR was always 120 msec.
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