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visualized by 23Na MRI reﬂects the volume-weighted
mean of these two compartments. Under pathological conditions the Na gradient between intra- and extracellular
space is altered, and an elevated Na concentration due to
an increased [Na⫹]in is often observed (2). An increased
23
Na MR signal related to increased [Na⫹]in has been observed in brain tumors (2), ischemic heart disease (3,4),
and skeletal myopathies (5,6).
Na has a spin 3/2 nucleus with three degenerate singlequantum (⌬m ⫽ 1) energy transitions between the four
Zeeman levels. Additionally, Na exhibits an electric quadrupole moment that distorts the otherwise spherical distribution of charge about the nucleus. The interactions
between the electric quadrupole moment and the electric
ﬁeld gradient of the environment lift the degeneracy of the
three transitions (7–11). In biological tissue this line-splitting is averaged out over time, and the 23Na MR signal
decays with two distinct T2 relaxation times: a slow component (T2s) of 15–30 ms, and a fast component (T2f) of
0.5– 8 ms (6). However, the in vivo detection of Na by MRI
is hindered by fast transverse relaxation, low tissue-equivalent concentrations, and the small gyromagnetic ratio of
Na ions compared to standard proton 1H MRI (12,13).
Na MR studies may be classiﬁed into three main groups:
paramagnetic shift reagents (14), multiple-quantum ﬁltering (15), and 23Na MRI of the total Na content (16 –18).
Shift reagents allow discrimination between intra- and
extracellular Na; however, these are restricted to animal
experiments due to the toxicity of the available 23Na shift
reagents (14). Multiple-quantum ﬁltering techniques can
distinguish between T2s and T2f Na fractions, but suffer
from even lower SNR than conventional imaging studies
(15). In order to detect both T2 components, imaging techniques with ultrashort TEs of less than 500 s are required
(16 –18). Both 3D radial techniques (16) and twisted projection imaging (TPI) (17,18) with TE ⫽ 400 s have been
successfully used in brain studies (2), musculoskeletal
imaging (6), and heart studies (4). In these cases, where TE
is less than 500 microseconds, the image intensity is proportional to the Na⫹ content, which is a weighted average
of [Na⫹]ex and [Na⫹]in.
For a compartment (x) the Na⫹ concentration [Na⫹]x ⫽
Na⫹x content/Volumex; therefore, the Na⫹ NMR content
(Na⫹x content ⫽ [Na⫹]x * Volumex) measurement (spectroscopic or imaging) will be a function of changes in the
Na⫹ concentration and/or volume. Ultrashort TE (UTE)
Na⫹ imaging techniques measure the total Na⫹ content ⫽
[Na⫹]in * Volumein ⫹[Na⫹]ex * Volumeex. Despite the inability of UTE methods to resolve intra- and extracellular

23
Na MRI has the potential to noninvasively detect sodium (Na)
content changes in vivo. The goal of this study was to implement 23Na MRI in a clinical setting for neurooncological and
muscular imaging. Due to the biexponential T2 decay of the
tissue Na signal with a short component, which ranges between
0.5– 8 ms, the measurement of total Na content requires imaging techniques with echo times (TEs) below 0.5 ms. A 3D radial
pulse sequence with a TE of 0.2 ms at a spatial resolution of 4 ⴛ
4 ⴛ 4 mm3 was developed that allows the acquisition and
presentation of Na images on the scanner. This sequence was
evaluated in patients with low- and high-grade gliomas, and
higher 23Na MR signals corresponding to an increased Na content were found in the tumor regions. The contrast-to-noise
ratio (CNR) between tumor and white matter increased from
0.8 ⴞ 0.2 to 1.3 ⴞ 0.3 with tumor grade. In patients with an
identiﬁed muscular 23Na channelopathy (Paramyotonia congenita (PC)), induced muscle weakness led to a signal increase
of ⬃18% in the 23Na MR images, which was attributed to intracellular Naⴙ accumulation in this region. Magn Reson Med 57:
74 – 81, 2007. © 2006 Wiley-Liss, Inc.
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Sodium (Na) ions play a vital role in cellular homeostasis
and electrochemical activity throughout the human body.
The rationale for investigating Na changes relates to the Na
concentration gradient, which exists between intra- and
extracellular environments. This concentration gradient
consists of an approximately 10-fold Na concentration difference in the extracellular space with an Na concentration
of [Na⫹]ex ⫽ 145 mM relative to the intracellular space
with [Na⫹]in ⫽ 10 –15 mM (1). The total Na concentration
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FIG. 1. 3D radial projection technique sequence timing. After a
300-s RF pulse and a delay of
50 s, the signal is sampled during the readout gradient ramp-up
time, resulting in a TE of 200 s.

components of the 23Na signal, as long as [Na⫹]ex remains
constant due to perfusion, and the volumes of both compartments remain constant, the measurement of Na content should be a sensitive measure of [Na⫹]in (2).
In this work we present a 3D radial MRI technique with
a UTE of 200 s (19) that was used to characterize brain
and muscular pathologies, and compared with both standard 23Na Cartesian gradient-echo (GRE) sequences and
standard 1H MRI. Both the sequence and the reconstruction algorithm were implemented on a clinical scanner
and the resulting images were sent to the picture archiving
and communication system (PACS) system of the center
with the rest of the examination. This was done to show
that 23Na MRI can be fully integrated into the clinical
routine without the need for additional hardware, such as
an ofﬂine image reconstruction computer. The technique
was optimized for human brain tumor imaging to show its
potential for routine clinical neurooncological examinations. High-grade gliomas had signiﬁcantly higher Na signal than low-grade gliomas, and Na signal was generally
higher within the tumor than in contralateral healthy brain
tissue. We chose the Na channelopathy paramyotonia congenita (PC) as a clinical model for 23Na MRI in humans
because its Na channels conduct a higher amount of Na
than physiological channels, which results in a myoplasmic Na accumulation associated with muscle stiffness and
weakness that can be provoked by cooling and exercise.
Using the 23Na MRI approach, we were able to visualize
acute pathologic myoplasmic Na accumulation in patients
with PC after weakness was experimentally induced.

MATERIALS AND METHODS
Sequence Design
The 23Na 3D radial MRI pulse sequence was implemented
on a clinical whole-body scanner (1.5 T Magnetom Symphony; Siemens Medical Solutions, Erlangen, Germany)
equipped with a 30 mT/m gradient system (Siemens Quantum Gradients, slew rate ⫽ 125 Tm–1s–1) and a broadband
transmit/receive system suitable for 23Na MRI. Images
were acquired using a double-resonant (16.84 MHz/
63.6 MHz) birdcage coil (Rapid Biomed GmbH, Würzburg,
Germany).

A GRE pulse sequence with radial k-space acquisition
was implemented using the manufacturer-delivered sequence development software environment (IDEA). For a
given direction in k-space characterized by the polar angle
(0 ⬍  ⬍ ) and the azimuthal angle (0 ⬍  ⬍ 2), the x-,
y- and z-components of the readout gradient G were calculated according to
G x ⫽ G sin cos Gy ⫽ G sin sin

Gz ⫽ G cos.

[1]

A total of N ⫽ 5000 radial half-projections were acquired
starting at the center of k-space (N being a user interface
parameter that could be modiﬁed between 100 and 50000).
To achieve homogeneous distribution of the data, the
spherical coordinates were calculated based on an algorithm developed by Saff and Kuijaars (20), which distributes N points homogeneously on the surface of a sphere in
a spiral manner as follows:
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After a nonselective RF pulse with a duration of RF ⫽ 300
s and a minimum delay of Delay ⫽ 50 s needed to
switch from transmit to receive mode, the free induction
decay (FID) was sampled during the ramp-up of the readout gradient (Fig. 1). The resulting effective TE was TE ⫽
RF/2 ⫹ Delay ⫽ 200 s. The signal was spoiled by using
both RF spoiling (phase cycling) and gradient spoiling in
the three directions (x, y, z), with the amplitude of the
gradient spoilers modulated in the same manner as the
readout gradients (Eq. [1]) to avoid any accidental refocusing of the signal.
Patient and Volunteer Studies
The study was approved by the institutional review board
(IRB nos. 333/2001 and 30/2003). Written informed consent was obtained from all volunteers and patients after
the nature of the examination was fully explained to them.

76

Nielles-Vallespin et al.

For comparison and localization, 1H MRI was performed
immediately prior to the 23Na MRI protocol.
Brain Studies—Gliomas
Ten patients (age range ⫽ 38 – 82 years) with histologically
proven low-grade (N ⫽ 3) and high-grade (N ⫽ 7) gliomas
were examined. The MRI protocol consisted of a 23Na 3D
radial sequence (TR ⫽ 4 ms, TE ⫽ 0.2 ms, Tacq ⫽ 10 min,
Nacq ⫽ 30, BW ⫽ 500 Hz/pixel, matrix size ⫽ 128 ⫻ 128 ⫻
128, FOV ⫽ 500 mm, resulting nominal resolution ⌬V ⫽
4 ⫻ 4 ⫻ 4 mm3, experimentally optimized ﬂip angle ␣ ⫽
15°), a 1H T2-weighted (T2w) ﬂuid-attenuated inversion
recovery (FLAIR) sequence (TR ⫽ 9000 ms, TE ⫽ 114 ms,
Tacq ⫽ 3 min 38 s, slice thickness ⫽ 5 mm, BW ⫽ 130 Hz/
pixel, ␣ ⫽ 150°), and a T1w spin-echo (SE) sequence (TR ⫽
400 ms, TE ⫽ 8.8 ms, Tacq ⫽ 1 min 10 s, slice thickness ⫽
5 mm, BW ⫽ 115 Hz/pixel, ␣ ⫽ 70°). Additionally, the
23
Na 3D radial sequence was compared with a standard
23
Na 3D fast low-angle shot (FLASH) sequence (TR ⫽
15 ms, TE ⫽ 2.69 ms, Tacq ⫽ 10 min 34 s, Nacq ⫽ 30, BW ⫽
130 Hz/pixel, matrix size ⫽ 64 ⫻ 64, 12 slices, FOV ⫽
500 mm, resulting nominal resolution ⌬V ⫽ 4 ⫻ 8 ⫻
10 mm3, ␣ ⫽ 45°). The ﬂip angle ␣ of the slice-selective RF
pulse used in the 23Na 3D FLASH sequence was optimized
experimentally to achieve the maximum signal at ␣ ⫽ 45°.
A 25% asymmetric readout was used to minimize the TE.
Measurements were performed on two healthy volunteers
and two patients (one low-grade and one high-grade glioma) in terms of the signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR).
Skeletal Muscle—PC
⫹

PC is an inherited disease of the Na channels in muscle.
As a result of a gating defect of the pathologic Na⫹ channels, exposure to cold leads to intracellular Na⫹ accumulation and muscle weakness under exercise (21). Three
healthy volunteers and six patients (age range ⫽ 30 –70
years) with clinically and genetically proven PC were examined. 23Na MRI was performed before and after local
cooling of the left lower leg for 10 min and exercising of
both legs (30 knee-bends and standing on tiptoes) as described in Ref. 22. The same radial 23Na MRI protocol used
for the brain study was employed, and the 1H MRI protocol
consisted of a standard T1-weighted SE sequence (TR ⫽
516 ms, TE ⫽ 15 ms, matrix size ⫽ 308 ⫻ 512, slice
thickness ⫽ 6 mm) and a short TI inversion recovery
(STIR) sequence (TR ⫽ 5670 ms, TE ⫽ 50 ms, TI ⫽ 150 ms,
matrix size ⫽ 308 ⫻ 512, slice thickness ⫽ 6 mm). In three
patients the 3D radial sequence was applied twice: once
with TE ⫽ 0.2 ms, and once with TE ⫽ 3 ms (in both cases
TR ⫽ 15 ms). These images were subtracted to obtain a
qualitative separation between the long and short T2 components.
Image Reconstruction
To reconstruct the radially acquired data sets online, a
gridding algorithm (23–25) was implemented in the standard image reconstruction environment of the scanner
(ICE; Siemens Medical Solutions, Erlangen, Germany). A
Kaiser-Bessel window with a width of 3.0 pixels and ␤ ⫽

4.2054 was used (24). To compensate for nonuniform sampling in the radial direction during gradient ramp-up, a
rho-ﬁlter was implemented, which calculates the area in
the cell surrounding a sample:
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In projection imaging (PI) the sampling efﬁciency is optimal when the sampling density is uniform in the solid
angle. According to the Nyquist criterion, the distance
between adjacent samples in k-space should be less than
the FOV–1 ⫽ kmax. To achieve isotropic 3D k-space coverage, the number of half-echo acquisitions needed for a
speciﬁc resolution is (16):
N ⫽ 4R 2,

[4]

where R is the number of radial sampling points per projection. For R ⫽ 64, the number of half-echo acquisitions is
N ⬃ 50000 projections. In this case a total number of N ⫽
5000 projections were acquired, which implies solid angle
undersampling by a factor of 10. Pipe and Menon (26,27)
created an iterative numerical solution to calculate a ﬁlter
for undersampled data with only the trajectory as input.
Their implementation for 2D projection reconstruction
yields a triangular weighting function that is constant after
the trajectories exceed the Nyquist limit, and thus compensates for the correlation between data samples below
the Nyquist limit, and stays constant beyond the Nyquist
limit, corresponding to uncorrelated information. In this
work the trajectories already exceeded the Nyquist limit at

冑

30% of kmax 共nNyq ⫽ 21 N . In order to optimize density
compensation, rho ﬁlters that would plateau at different
points k⬘ ⫽ ␤kmax, with 0 ⬍ ␤ ⱕ 1 were applied on a
resolution phantom data set with R ⫽ 64, N ⫽ 5000, and
nNyq ⫽ 30 (Fig. 2). As expected, the results showed that a
ﬁlter that would plateau too early (ⱕ20% of kmax) would
induce image blurring, while ﬁlters that would plateau too
late (ⱖ50% of kmax) would strongly decrease the SNR.
Density postcompensation was also tested and it resulted
in an extremely low SNR.
Based on the results of the previous experiments, the
spherical rho ﬁlter used for the in vivo experiments was
forced to plateau at 25% of the distance to the k-space
periphery kmax (one-fourth of the total number of sampled
points R) to avoid enhancing the high-frequency data, as
follows:
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After density precompensation with the rho ﬁlter, the data
were regridded onto a Cartesian grid followed by a conventional 3D FFT, which yielded an isotropic data set.
Data Analysis
SNR and CNR were compared with the use of a paired
t-test. Two-tailed P-values ⬍ 0.05 were considered statis-
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value of the ROIs normalized to the saline reference. The
percentage of signal variation of the same leg before
and after cooling was calculated as Deviation 共%兲
Safter ⫺ Sbefore
⫽
⫻ 100.
Sbefore
The experimentally induced paresis was scored by a
neurologist. The muscle strength before, immediately after, and 30 minutes after provocation (i.e., after the second
part of the MRI examination) were scored on a six-point
scale according to the grading system proposed by the
British Medical Research Council (MRC): 0 ⫽ complete
paralysis; 1 ⫽ minimal contraction; 2 ⫽ active movement
with gravity eliminated; 3 ⫽ weak contraction against
gravity; 4 ⫽ active movement against gravity and resistance; and 5 ⫽ normal strength (28). Examination of the
lower limb consisted of strength testing of hip ﬂexion,
extension, abduction, and adduction; knee ﬂexion, extension, dorsiﬂexion, and plantarﬂexion; eversion of the foot;
and toe dorsiﬂexion and plantarﬂexion.

FIG. 2. Density compensation ﬁlters. The squares correspond to a
full rho ﬁlter. Density compensation ﬁlters. The squares correspond
to a full rho ﬁlter. The rest are set to a constant value at a given
percentage of the number of sampled points.

tically signiﬁcant. The measurement results for SNR and
CNR are presented as the mean ⫾ SD.
Brain Study—Gliomas
To compare the SNRs, regions of interest (ROIs) were
placed in non-necrotic tumor tissue, healthy brain tissue,
CSF, and vitreous humor of the 23Na MR images by a
radiologist and physicist in consensus. Table 1 shows a
comparison of the SNR values between 3D radial and 3D
Cartesian 23Na MR images. To compare the SNRs of both
imaging techniques, the SNR of the radial data was corrected by a factor SNRCar/SNRRad ⫽ 0.7, reﬂecting the
different readout bandwidth BW, TR, slice thickness,
and in-plane resolution values, and calculated as
SNR
Nacq Nx Ny Nz TR
⬀
⌬x⌬y⌬z, where Nx, Ny, and Nz
voxel 3D
BW
are the number of k-space samples in the x, y, and zdirections and ⌬x 䡠 ⌬y 䡠 ⌬z is the voxel volume. For the
Cartesian acquisition Nx ⫻ Ny ⫻ Nz ⫽ 64 ⫻ 64 ⫻ 12, and
for the radial acquisition Nx ⫻ Ny ⫻ Nz ⫽ 128 ⫻ 128 ⫻
128. In patients with low- and high-grade gliomas, the
CNR between tumor tissue and white matter, and the tumor tissue signal normalized to the vitreous humor signal
(STT/SVH) of the 23Na 3D radial images were calculated
and plotted as a function of glioma grade.

冉 冊 冑

Skeletal Muscle—Paramyotonia
ROIs were selected in the lower leg muscles of the 23Na
images and normalized to the saline reference. To evaluate
the signal variation before and after cooling the left lower
leg, the percentage of signal variation between the left
and right legs before and after cooling was calculated as
Sleft ⫺ Sright
Deviation共%兲 ⫽
⫻ 100, where S is the mean
Sleft

RESULTS
Brain Study—Gliomas
After the different measurement parameters were corrected with the correction factor SNRCar/SNRRad ⫽ 0.7, the
radial images had an 18% higher SNR in brain tissue (P ⬍
0.001). In patients the CNR between tumor and healthy
tissue was ⬃23% in the radial data and ⬃18% in the
Cartesian data.
Figure 3 shows selected transverse slices through the
head of a patient with a low-grade glioma (Fig. 3a– d) and
a patient with a high-grade glioma (Fig. 3e– h). The tumor
is seen as an area with increased signal intensity in the 1H
FLAIR images (Fig. 3b and f). This area corresponds well to
the higher-signal-intensity regions in the 23Na images (Fig.
3c and d, g and h). In the 1H T1w images (Fig. 3a and e), the
tumor is seen as an area with reduced signal intensity,
which corresponds best to the higher-signal-intensity regions in the 23Na 3D radial images (Fig. 1d and h). The
23
Na images are color-coded to improve visualization.
Figure 4a shows plots of the CNR between tumor tissue
and white matter, and Fig. 4b shows the tumor tissue
signal normalized to the vitreous humor signal (STT/SVH)
in the 23Na 3D radial images of patients with low- and
high-grade gliomas. The CNR between tumor and healthy
tissue shows a tendency to increase with glioma grade.
The ratio STT/SVH is lower than that for low-grade gliomas
(mean ⫾ SD ⫽ 0.8 ⫾ 0.2) and higher than that for highgrade gliomas (mean ⫾ SD ⫽ 1.3 ⫾ 0.3).

Table 1
Comparison Between Cartesian and Radial Acquisition of the
SNR in Various Tissues*
ROI

SNRCAR

SNRRAD

Vitreous humor
CSF
Brain tissue
Tumor tissue

35.0
33.7
18.5
36.7

54.4
43.3
32.4
55.3

*The SNR was measured as signal/SD.
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FIG. 3. Selected transverse slices through the head of a patient with a low-grade glioma (a–d) and a patient with a high-grade glioma (e–h).
1
H T1w (a and e) and T2-FLAIR (b and f) images, and 23Na 3D Cartesian (c and g) and radial (d and h) images. The tumor is seen as a
high-signal-intensity area in the T2w images (b and f). These areas correspond well to the higher-signal-intensity regions in the 23Na images
(c and d, g and h).

Skeletal Muscle—Paramyotonia
Figure 5 shows transverse slices acquired with the 3D
radial technique before and after cooling of the left lower
leg. In the 23Na 3D radial images acquired with the birdcage coil, regions of elevated signal are found in the upper
part of the legs. This elevated signal does not relate to
pathological changes, but to B1 ﬁeld inhomogeneity resulting from the proximity of the legs to the active RF coil
elements caused by the tight ﬁtting of the legs inside the
coil. However, a pathological signal increase can be found
when the right leg is used as reference and the ROI is
positioned at the same distance from the coil (i.e., with a
similar B1 ﬁeld).
In patients with PC, muscle strength prior to cooling and
exercise was normal in both legs and after exercise in the
noncooled leg. Hip muscle function was not inﬂuenced by
cooling of the lower leg and exercise. All PC patients
presented with muscle weakness in the cooled lower leg,
particularly for foot and toe dorsiﬂexion. Muscle strength
was partially recovered 45 min after cooling and exercise
(MRC before: 4.9 ⫾ 0.1; immediately after cooling: 4.2 ⫾
0.5; 45 min after cooling: 4.5 ⫾ 0.3). In volunteers, muscle
strength was normal under all conditions.
Table 2 shows the signal variation between the left and
right legs before and after cooling for volunteers and pa-

tients as calculated in Eq. [7]. Table 3 shows the signal
variation of the same leg before and after cooling for patients and volunteers according to Eq. [8]. A signal increase in the affected area of the left lower leg of about
18% (P ⫽ 0.04) was observed in the 23Na images of the
patients (Fig. 5f, h, and j), whereas in volunteers no signiﬁcant alteration was found (⬃2%, P ⫽ 0.01). The difference between the right and left legs after cooling was about
21% (P ⫽ 0.006) for patients, while in volunteers no signiﬁcant alteration was found (⬃1%, P ⫽ 0.17). Figure 5e
and f were acquired with TE ⫽ 0.2 ms, and Fig. 5g and h
were acquired with TE ⫽ 3 ms. In Fig. 5i and j the long-TE
data are subtracted from the short-TE images. All 23Na
images after cooling (Fig. 5f, h, and j) showed a signal
increase in the left lower leg, whereas no difference was
observed in the 1H images (Fig. 5a– d).
DISCUSSION
A 3D radial projection technique was implemented that
allowed the acquisition of 23Na MR images on a 1.5 T
clinical scanner. The clinical feasibility of this technique
was assessed in a pilot study in patients with low- and
high-grade gliomas and in patients with PC.
As can be seen in Figs. 3 and 5, the radial images were
affected by blurring. Such blurring can be caused by sub-

FIG. 4. Plots of the CNR between tumor
tissue and contralateral white matter (a) and
tumor tissue signal normalized to vitreous
humor signal (b).
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FIG. 5. 1H STIR (a,b) and T1w (c,d) images
of the lower legs of a patient with PC. 3D
radial images acquired before and after local cooling. Images e and f were acquired
with TE ⫽ 0.2 ms, and g and h were acquired with TE ⫽ 3 ms. Images i and j correspond to the subtraction of images g and
h from images e and f, respectively. All 23Na
images after cooling (f, h, and j) show a
signal increase in the left lower leg. Two
reference phantoms with NaCl are positioned between both legs and next to the
right leg to determine the right and left sides
and to normalize the signal intensity of the
selected ROIs.

optimal ﬁltering of the radial data before gridding, in
which case a compromise between solid-angle undersampling and ﬁlter design must be achieved. A possible approach would be to increase the total number of projections N and decrease the number of averages so that the
total measurement would remain the same. In this case,
the Nyquist limit would be fulﬁlled in a larger region in
k-space and the density compensation ﬁlter would not
need to plateau at 0.25 kmax, which would probably decrease the blurring. Another source of blurring in the ra-

Table 2
Comparison Between ROIs of the Left and Right Lower Leg
Normalized to the Saline Reference Before and After Cooling for
Volunteers and Patients*
% (mean ⫾ SD)

Before cooling

After cooling

1.1 ⫾ 1.1
0.8 ⫾ 0.7
4.0 ⫾ 1.8
21.4 ⫾ 2.7
Sleft ⫺ Sright
*Normalized as Deviation共%兲 ⫽
⫻ 100
Sleft
Volunteers
Patients

dial data is the decay of the short T2 component during
data acquisition (19). The Cartesian acquisition occurs after the short T2 component of the 23Na signal has already
decayed, and thus does not suffer from blurring. To estimate the point spread function (PSF) in the radial images
caused by the T2 decay during data acquisition, its full
width at half maximum (FWHM) for a GRE sequence can
be theoretically approximated (29) to
FWHM T2* ⫽

冑3


冉 冊

Ts
⌬x,
T *2

[9]

Table 3
Comparison Between ROIs of the Same Leg Normalized to the
Saline Reference Before and After Cooling for Volunteers and
Patients*
% (mean ⫾ SD)

Right

Left (cooled)

3.3 ⫾ 1.5
1.9 ⫾ 0.5
6.3 ⫾ 2.1
18.0 ⫾ 8.3
Safter ⫺ Sbefore
*Normalized as Deviation 共%兲 ⫽
⫻ 100
Sbefore
Volunteers
Patients
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which for a TS ⫽ 2000 s and T2 ⫽ 500 s results in
FWHMT2* ⫽ 2.2 ⌬x. Two solutions are available to minimize this blurring effect. First, the readout bandwidth can
be increased. Due to gradient limitations, a readout BW of
500 Hz/pixel cannot be exceeded. Second, it is possible to
apply a correction ﬁlter to the radial data during image
reconstruction that would compensate for the T2 decay.
However, this would imply that the biexponential T2 decay times in vivo are accurately known, which is not the
case. Furthermore, the SNR of the images would decrease
and in voxels without biexponential decay the ﬁlter would
fail. An approximately twofold decrease of spatial resolution is therefore to be expected in radial 23Na data sets
with short TE.
23
Na MRI shows increased 23Na signal in tumors relative
to healthy brain tissue. Our preliminary results obtained in
10 patients indicate that Na⫹ content is lower in low-grade
gliomas in vitreous humor, and is higher in high-grade
gliomas than in vitreous humor ([Na⫹] has been measured
to be ⬃150 mM in vitreous humor (30)). However, more
patient studies are required to conﬁrm this tendency. In
comparison with the standard Cartesian images (TE ⫽
2.69 ms), the radially acquired images (TE ⫽ 0.2 ms) show
an 18% increase in SNR in healthy volunteers. While the
higher-signal-intensity regions of the 23Na Cartesian images seem to correspond well with the increased-signalintensity regions of the 1H FLAIR images, the higher-signal-intensity regions of the 23Na radial images apparently
correspond better to the low-signal-intensity regions of the
1
H T1w images. These results can be explained by the
approximately 10-fold shorter TE of the radial technique
compared to the Cartesian technique, which allows for the
acquisition of the total Na signal (i.e., long and short T2
components) (16) and therefore the total Na⫹ content, including the total Na⫹ tissue and blood contents. The Cartesian technique detects partial Na⫹ tissue content and
total blood Na⫹ content. The SNR increase in radial compared to Cartesian techniques is only 18% because there is
edema in the tumor region. On the other hand, the radial
images are able to delineate the tumor region more accurately because they actually detect the total Na⫹ content in
tissue. However, the value of these techniques does not lie
in their ability to depict tumors, but rather in their potential to quantify the Na⫹ content and hence provide information about tissue viability, as shown in Ref. 31. With the
use of quantitative techniques, 23Na MRI may provide
early noninvasive information about tumor therapy response and may help to differentiate radiation necrosis
from recurrent tumor tissue before morphological changes
can be observed. In combination with 1H MRI protocols, it
may provide additional functional information and improve the diagnostic speciﬁcity of multiparametric analysis methods.
In patients with PC, 23Na MRI with short TE visualized
Na accumulation that was associated with muscle weakness. Considering the fact that the 1H T2w images did not
show an increase in extracellular space due to edema, the
increase in 23Na signal appears to be related to an increase
in [Na]in. Assuming that Fig. 4g and h relate mainly to the
long T2 component, and Fig. 4i and j relate mainly to the
short T2 component, one can conclude that the accumula-
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tion of intracellular 23Na after cooling leads to an increase
in the concentration of both T2 components.
Because of its ability to detect changes in Na⫹ content
noninvasively, 23Na MRI may be a useful tool for researching muscle channelopathies whose processes are still not
fully described. Furthermore, the volumetric capabilities
of 23Na MRI can provide information that does not have
the physical limitations of a biopsy (i.e., one sample from
a highly heterogeneous volume), which currently is the
standard method to assess muscular Na⫹ concentration
levels (6).
To perform a quantitative evaluation of the Na content
in a 23Na MRI study, the effects of T1 and T2 relaxation and
ﬁeld inhomogeneity must be accounted for during data
acquisition or postprocessing. Although it would have
been possible to acquire coil ﬁeld maps to correct the
signal intensity of the Na images, the acquisition scheme
used in this study was inadequate for quantitation of the
total Na signal. For a quantitative evaluation the TR must
be larger than ﬁve times the T1 to ensure full relaxation of
the signal during data acquisition. With TE ⫽ 0.2 ms and
TR ⫽ 4 ms, the 3D radial sequence could not provide
quantitative results. A TR ⬎⬎ 5 ⫻ T1 would have prolonged
the measurement time by a factor of 25, which is clinically
unfeasible. One technique that allows for such long TRs
(on the order of 100 ms), as well as UTEs, is TPI. In this
method the TR is inherently longer due to the long readout
duration, and the sampling efﬁciency results in acceptable
measurement times (⬃10 min) similar to those achieved in
this study. Therefore, TPI would be more adequate for
quantitation. A comparison of TPI and PI should be the
subject of future research.
Although the radial sequence used in this study did not
deliver quantitative results, the results show that the partially saturated signal may be a useful qualitative marker of
disease. To evaluate the effect of T1 saturation on the
different Na compartments, we calculated the signal difference expected using the radial sequence implemented
in this study (TR ⫽ 4 ms, TE ⫽ 0.2 ms) between a phantom
containing 0.3% NaCl (T1 ⫽ 50 ms, T2 ⫽ 40 ms) and a
phantom containing 0.3% NaCl ⫹ 4% agarose (T1 ⫽ 23 ms,
T2fast ⫽ 0.3, T2slow ⫽ 18 ms, Mfast ⫽ 0.6, Mslow ⫽ 0.4).
Using the FLASH sequence formula (32), the agarose phantom signal is expected to be 1.6 times higher than the
saline phantom signal. This expected signal difference was
observed in a phantom experiment using the phantoms
described above. Therefore, if measurements of T1 for the
ﬂuid compartments within the tissue could be accurately
measured, it is possible that the differences in T1 between
the tissue and ﬂuid compartments could be used to weight
the signal toward its nontrivial components (i.e., excluding edema, CSF, etc.).
In conclusion, a 23Na 3D radial MRI clinical protocol
was developed and tested in patients with cerebral gliomas and PC. 23Na 3D radial MRI visualized Na accumulation and provided diagnostically useful information for
both clinical groups within clinically acceptable measurement times of about 10 min at 1.5 T. Higher ﬁeld strengths
may allow 23Na MRI to become a clinically relevant application that can lead to higher SNR or shorter measurement
times by reducing signal averaging. 23Na MRI has been
integrated into clinical work-ups, and has the potential to
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evolve from a research topic to a clinically feasible diagnostic tool.
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