
High Resolution Sodium Imaging of Human Brain at 7T

Yongxian Qian1, Tiejun Zhao2, Hai Zheng3, Jonathan Weimer3, and Fernando E. Boada1,3

1MR Research Center, Department of Radiology, University of Pittsburgh, Pittsburgh, PA
2Siemens Medical Solutions USA, Pittsburgh, PA
3Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA

Abstract
The feasibility of high resolution sodium MRI on human brain at 7T was demonstrated in this
study. A three-dimensional anisotropic resolution data acquisition was used to address the
challenge of low SNR associated with high resolution. Ultrashort echo time sequence was
employed for the anisotropic data acquisition. Phantoms and healthy human brains were studied
on a whole-body 7T MRI scanner. Sodium images were obtained at two high nominal in-plane
resolutions (1.72 and 0.86 mm) at slice thickness 4 mm. SNR in the brain image (cerebrospinal
fluid) was measured as 14.4 and 6.8 at the two high resolutions, respectively. The actual in-plane
resolution was measured as 2.9 and 1.6 mm, 69–86% larger than their nominal values. The
quantification of sodium concentration on the phantom and brain images enabled better accuracy
at the high nominal resolutions than at the low nominal resolution 3.44 mm (measured resolution
5.5 mm) due to the improvement of in-plane resolution.
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INTRODUCTION
Sodium (23Na) magnetic resonance imaging (MRI) has the potential to quantify sodium
concentration in tissue in a noninvasive way. Quantified tissue sodium concentration (TSC)
is helpful to the evaluation of cell abnormalities and viability during development of a
disease and/or cellular damage such as tumor (1, 2), stroke (3, 4), mental disorder (5, 6), and
myocardial infarction (7, 8). Sodium imaging at 1.5 or 3 T is usually used to assess regional
changes of TSC due to the available spatial resolution limited (>3.5mm). This limitation
substantially undervalues the sensitivity of TSC to small lesions or inhomogeneous lesions
such as treated tumors with partial response to radio-, chemo- or other testing therapies (9).
Low resolution averages local variations over a large lesion and underestimates TSC value
in part of a lesion. High resolution has ability to reduce the smoothing (partial volume)
effect and uncover local variations.

Low resolution used in current sodium imaging is a technical trade-off for better signal-to-
noise ratio (SNR) because MR signal intensity is proportional to the volume of a voxel (10).
Extensive efforts have been made for improving SNR, such as ultrashort echo time (UTE)
for data acquisition (11–13) and uniform sampling in the k-space for minimizing noise
transfer from the k-space into image domain (14–19). These efforts have led to an increase
of SNR by 10–40 % over regular radial acquisitions. This substantial improvement is still
not sufficient for the pursuit of high resolution sodium imaging.
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The 7-T field has potential to double SNR over that of the 3 T. This encourages sodium
imaging at high resolutions. However, an increase in resolution by a factor of two leads to a
decrease in SNR by a factor of eight in three-dimensional (3D) isotropic imaging (an
imaging scheme that is usually used in sodium imaging). This substantially limits room to
increase resolution with a doubled SNR.

This study used an approach different from isotropic 3D imaging, which explores
anisotropic resolutions but does not sacrifice signals from fast T2 relaxations by performing
UTE data acquisitions (20). The in-plane resolution is defined independently from the
resolution in the slice direction (i.e., slice thickness) and can be increased without changing
slice thickness. In this way the SNR loss associated with high resolutions is not only reduced
but also compensated for by the slice thickness that is usually much larger than the in-plane
resolution. A customized sequence was employed to implement the proposed anisotropic
imaging. The technical feasibility was tested on phantoms and healthy human brains on a
whole-body 7T MRI scanner. The impacts of high resolution imaging on SNR, actual
resolution and TSC quantification were quantitatively evaluated based on the sodium images
obtained.

METHODS AND MATERIALS
Pulse sequence

A customized sequence, AWSOS (acquisition-weighted stack of spirals) (20), was used in
this study for data acquisition. This sequence performs fast 3D imaging at ultrashort echo
time and samples the k-space in a cylindrical volume, allowing defining in-plane resolution
independently from slice thickness. A detailed description about the AWSOS sequence was
given in Reference 20. Image reconstruction on the AWSOS raw data was carried out by
Fourier transformation in the slice direction, followed by a 2D double-sized gridding in
individual slices (20, 21). A 3D Hann window was applied to the raw data to reduce random
noise at high spatial frequencies (22).

Resolution phantom and human subjects
A laboratory-built cylindrical phantom (165mm diameter × 150mm length, aqueous NaCl
solution of concentration 154 mM, T1=37ms and T2*=25ms at 7T) was used. Inside the
phantom are plastic rods of diameters 2, 4, 6, 10 and 12 mm and arranged in five rows. Five
healthy adult human subjects (male, age 20–48 years) were recruited in this study under an
approved Institutional Review Board (IRB) protocol. The consent forms were signed by the
subjects.

MRI scans
Sodium imaging was performed on a whole-body 7T MRI scanner of 40mT/m gradient
amplitude and 170mT/m/ms slew rate (Magnetom 7T MRI, Siemens Medical Solutions,
Erlangen, Germany), with a single-tuned volume head coil (Advanced Imaging Research,
Cleveland, OH, USA). An 8-channel head array proton coil (Rapid Biomedical GmbH,
Rimpar, Germany) was used for B0 shimming. A plastic base was shared by the proton and
sodium coils to keep subject’s head still during the coil switching (shim might still change
slightly due to the different size and shape of the coils). For comparison, sodium imaging
was also implemented on a whole-body 3T MRI scanner (Magnetom Trio Tim, Siemens)
with the same gradient system as on the 7T scanner. A dual-tuned (1H-23Na) volume head
coil (Advanced Imaging Research) was used at 3 T. For the phantom scans data acquisition
parameters were: rectangular RF pulse of 0.8ms duration, flip angle=90°, field of view
(FOV) = 220mm, matrix size (N) = 128/256 (nominal resolution 1.72/0.86mm), spiral
readout Ts=5.60/10.24ms, slices=40 at slice thickness 5 mm, TE/TR=0.5/100ms,
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averages=4, and total acquisition time TA=8.5/17min. The echo time (TE) was a time period
between the center of RF pulse and the starting of data acquisition at the k-space center. For
the human scans the parameters were: rectangular RF pulse of 0.8ms duration [minimum
duration available under specific absorption rate (SAR) restriction], flip angle=90°,
FOV=220mm, matrix size (N) =64/128/256 (nominal resolution=3.44/1.72/0.86mm),
slices=60 at slice thickness of 4mm, TE/TR =0.5/100ms, Ts=3.36/5.76/10.72ms, averages=5
and TA=8/16/32min. The scans at 3T had exactly the same acquisition parameters as at 7T.
To define regions of interest in the white and gray matters, T1-weighted proton images were
acquired on the 7T scanner with the magnetization-prepared rapid gradient echo (MPRAGE)
sequence under parameters FOV=192× 220 mm2, matrix size=215×256, slice
thickness=0.9mm, and TE/TR/TI = 3.5/3500/900ms.

Measurement of spatial resolution
The in-plane spatial resolution was measured directly on the acquired sodium images. A
large, known structure of sharp edge inside the phantom or brain was selected, such as a
large rod in the phantom or a lateral ventricle in the brain. A sharp edge constitutes a step
function that allows the measurement of spatial resolution through the signal profile across a
high contrast border. The width d of the signal profile at its half way down to the bottom is
an estimate of the full width at half maximum (FWHM) of a symmetric point spread
function (PSF) (10). The measured resolution is a comprehensive outcome of all the factors
acting on the imaging including T2* decay, B0 field inhomogeneity and windowing (i.e., k-
space filtering) during image reconstruction, in addition to the scheme of k-space sampling.

Quantification of sodium concentration
Sodium concentration C was measured via linear calibration based on signal intensity I at a
pixel:

Eq. [1]

Two regions with known sodium concentration were chosen to determine the coefficients
αand β. In the phantom experiments one region was chosen in the solution of sodium
concentration 154mM, while the other region was inside a large rod of sodium concentration
0mM. To minimize the effects of noise and artifacts on the calibration, four uniform signal
regions and two noise-only regions were selected. In the human experiments, the calibration
was implemented with the knowledge of sodium concentrations in CSF (145mM, Ref. 23)
and background (0mM). The right lateral ventricle and four noise-only background regions
were selected for the calibration. Signal intensity in CSF was corrected with a factor of 1/[1-
exp(-TR/T1)] with T1=50ms to account for T1-related signal saturation. The calibration was
performed for each of the resolutions individually.

Measurement of SNR
As single-channel sodium coil was used in this study signal-to-noise ratio was measured
directly on magnitude images. Based on Henkelman’s work (24), SNR at low levels can be
calculated through the following equations:

Eq. [2]

Eq. [3]
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Eq. [4]

with MAVG is the mean of the magnitude image intensity in a signal region of interest (ROI)
and MAVG(0) is the mean of the magnitude image in a noise-only (A=0) background region
outside the object. Mean signal amplitude A in the signal ROI was calculated via Eq. [3]
using MAVG. Noise standard deviation σ in the real or imaginary part of the original
complex image was calculated via Eq. [4] using MAVG(0) (10, 24). To minimize regional
bias, MAVG(0) was averaged over four background noise regions.

RESULTS
Imaging on phantom

High resolution sodium images of the phantom were achieved at 7 T at nominal in-plane
resolutions of 1.72 and 0.86 mm respectively (Figs. 1a–d). The small rods (2mm diameter)
on the top row are visually recognizable in Fig. 1a and more clearly in Fig. 1b at higher
resolution. The measured SNR is 24.0 at the nominal resolution 1.72 mm (Fig. 1a) and 11.3
at resolution 0.86 mm (Fig. 1b), decreasing 53% due to the increase of resolution. For
comparison, SNR at 3 T at these resolutions was substantially reduced (>63%) relative to
SNR at 7 T (Figs. 1c, d). This indicates that the possibility of performing high resolution
sodium imaging is low at 3 T.

Actual in-plane resolution was measured on the sodium images and it is 3.0±0.9 mm for the
nominal resolution 1.72 mm and 1.4±0.4 mm for nominal resolution 0.86 mm (Figs. 1e, f),
63–75 % larger than their nominal values.

Sodium concentration in the phantom was quantified based on the sodium images. The
impact of spatial resolution on the accuracy of sodium quantification is demonstrated
through the image intensity profiles across the small rods of diameter 2 mm (Fig. 2). When
actual resolution was lower than the rod diameter (Fig. 2a), the measured sodium
concentration in the solution was 120.9 mM, about 22% lower than its true value 154 mM.
On the other hand, the measured concentration in the rod region was 86.2mM, far away
from its true value 0mM. The contrast of sodium concentration between these two regions
was therefore reduced to 23% of its true contrast (154mM). When actual resolution was
improved (Fig. 2b), the measured sodium concentration was 155.5mM for the solution and
16.5mM for the rod region, very close to their true values. Concentration contrast between
the two regions was recovered to 90% of its true value, showing four-fold better than that in
the lower resolution in the Fig. 2a.

Imaging on human brain
High resolution sodium images of the healthy human brains were obtained at 7T and
representative images were demonstrated in Figure 3. The structures in the brain became
clear as nominal spatial resolution was increasing from low (3.44mm) to high (0.86mm)
(Figs. 3a–c). The measured SNR in cerebrospinal fluid was 14.4 and 6.8 in the sodium
images at the two high resolutions (Figs. 3b, c), respectively. The 7-T field contributed to
the improvement of SNR by a factor of 2.2 as compared to the 3 T (Figs. 3a, a0).

The actual spatial resolution in the sodium images was measured at the edge of the right
lateral ventricle (Fig. 4). The measured resolutions were 5.5±1.7, 2.9±0.9 and 1.6±0.4 mm at
nominal resolutions of 3.44, 1.72 and 0.86 mm, respectively. These measured resolutions
were 60–86 % larger than their nominal values.
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Quantification of tissue sodium concentration was achieved on the sodium images at the
three resolutions investigated. The TSC maps of a representative slice are demonstrated in
Fig. 5. Two regions of interest (one for white matter and one for gray matter) were selected
in this subject through the T1-weighted proton image. In the white matter regions the three
resolutions (N64, N128 and N256) yielded TSC values of 67.2±21.1, 39.7±3.8 and 37.4±2.9
mM (mean±SD) respectively. In the gray matter regions the three resolutions yielded
74.8±21.7, 53.4±9.6 and 47.1±6.7 mM. The mean values decreased as in-plane resolution
was increased. At nominal resolution 0.86 mm, tissue sodium concentration in the white
matter region (37.4mM) is slightly lower than in the gray matter region (47.1mM).

DISCUSSION
High in-plane resolution in sodium imaging has been achieved in this study by means of
higher B0 and anisotropic resolution. The 7-T field increased SNR by a factor of 2.2–2.7
over that of the 3 T (Figs. 1, 3), consistent with the values reported by other groups (25, 26).
The anisotropic resolution imaging increased SNR by a factor of h/Δx, i.e., 1.16, 2.32 and
4.64 at nominal in-plane resolutions of Δx =3.44, 1.72 and 0.86 mm respectively, under a
slice thickness of h =4 mm.

A large increase of SNR at 7 T over 3 T on the phantom (2.7 fold, Figs. 1a–d) was due in
part to the different coil types used; single-tuned (23Na) at 7T but dual-tuned (1H-23Na) at
3T. Dual-tuned coils usually have lower efficiency in power transmission and signal
receiving than their single-tuned counterparts. The low SNR shown on the phantom images
at 3 T (Figs. 1c, d) is just a visual effect. If the nominal resolution in Fig. 1c is reduced from
1.72 mm to 3.44 mm, for example, SNR would be increased by a factor of 4.0 and be up to
the level usually seen on the sodium images at a popular nominal resolution 3.44 mm.

The measured resolution on a sodium image was lower than corresponding nominal
resolution (Figs. 1e–f, 4a–c). This difference resulted from the sampling volume in the k-
space and windowing (i.e., k-space filtering) during image reconstruction. The in-plane
spiral data acquisition was performed on a disk region, instead of a rectangular region as
usually used in Cartesian data acquisitions, leading to 41% wider of point-spread function
(PSF) in the spiral sampling than in Cartesian sampling (27, 28). A two-dimensional Hann
window was applied to the spiral data for reducing noise at high-spatial frequencies,
contributing additional ~30 % to the PSF widening (22). The measured resolution was also
affected by the T2* relaxation during spiral readout. These factors together (not linearly
adding up overlapped impacts) made resultant difference of 60–86 % between the measured
and nominal resolutions. The slice thickness had little increase from its nominal value under
the variable-duration slice encoding used in the AWSOS data acquisitions. The maximum
duration of slice encoding was 0.65 ms at slice thickness 4mm, leading to 4% increase for a
short T2 component of 3ms (based on 20% increase for a duration of one T2) (20). However,
Hann window in the slice direction contributed about 30% increase to slice thickness.

Increasing in-plane resolution decreased the estimates of tissue sodium concentration in the
white and gray matter regions (Fig. 5). This was caused by the reduced effect of CSF of high
sodium concentration surrounding the regions of interest. Quantification at high resolution
rendered better estimate of true tissue sodium concentration. In this study, these estimates
are 37.4 and 47.1 mM for white and gray matters respectively, which are in between the
values reported in literature (2, 6). The improvement of TSC quantification was however
only in in-plane, but not improved in slice direction due to large thickness (4 mm) used.
Partial volume effect across slices still exists with this technique when anatomic structures
changed within a slice thickness.
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Challenges to high resolution sodium imaging at 7T still exist. SNR at nominal resolutions
of sub-millimeter, for instance, is currently as low as 6.8. More efforts are needed to at least
double SNR. Phased array coils would be promising tools for SNR enhancement.

Transmit efficiency of a coil (i.e., large excitation output at low voltage input) is another
challenge, more important to sodium imaging than to proton imaging due to the four times
smaller gyromagnetic ratio of sodium nuclei. Low transmit efficiency requires high voltage
input (or long RF pulse duration) for 90° flip angle, and as a result, long TR (>100ms) is
usually needed to meet the safety restriction of specific absorption rate (SAR). Developing
efficient coils is an immediate demand to further advance sodium imaging at 7T.

The B0 field shimming is also challenge to sodium imaging. Single-tuned coils have higher
transmit and receive efficiency than dual-tuned coils (Fig. 1) but need separate proton coil
for B0 field shimming at 7 T. Switching between proton and sodium coils inevitably
degrades shimming performance. A potential solution to this problem is to perform B0 field
shimming at sodium frequency, without aid of proton coil. This idea would be technically
feasible because sodium imaging at 7T has sufficiently high SNR for shimming.

CONCLUSIONS
This study has demonstrated that sodium imaging on human brain at high in-plane nominal
resolutions (1.72 and 0.86 mm) is feasible at 7 T. This achievement benefited from the
multifold increase of SNR provided by ultra-high field at 7 T and large slice thickness
(4mm) used in the anisotropic resolution data acquisition. The measured in-plane resolutions
of the sodium image were 69–86 % larger than their nominal values due to the spiral data
acquisition and noise-reduction filtering. The high nominal resolutions (1.72 and 0.86 mm)
have enabled better accuracy in the quantification of sodium concentration due to the
improvement of in-plane resolution. However, some technical challenges still remain and
need to be addressed in future studies, such as further improvement of SNR for sodium
imaging at sub-millimeter nominal resolutions (0.86 mm).
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Fig. 1.
(a–d) High resolution sodium images of a phantom at 7T at nominal resolutions of (a)
1.72mm (N128) and (b) 0.86mm (N256), compared with those (c, d) at 3T with the same
acquisition parameters but different type of coils (single-tuned 23Na at 7T and dual-
tuned 1H-23Na at 3T). The dashed ellipses are the regions for SNR measurement (one signal
and four noise-only regions). SNR at 7 T was increased by a factor of 2.7 over 3T. (e–f)
Resolution measurement at 7 T at two resolutions of N128 (e) and N256 (f). The intensity
profiles in arbitrary unit were from the pixels (dots) on the line segments across a large rod
(12mm diameter) in the inset images. The resolution was measured on the left side (arrows)
and was 3.0 and 1.4 mm respectively, 63–75 % larger than their nominal values.
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Fig. 2.
Quantification of sodium concentration on the images of a resolution phantom at 7T at
actual resolutions of (a) 3.0 mm and (b) 1.4 mm. The regions for calibration were shown in
(c): four signal regions (dashed ellipses) and two noise-only regions (solid circles). A profile
of the quantified sodium concentration across the row of small rods (2mm diameter) as
shown in the left image was plotted for both resolutions. The high resolution (b) produced
values for the solution (arrow) and rod (arrow head) regions with much smaller errors than
the low resolution (a).
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Fig. 3.
Sodium images of a healthy human brain at 7T at nominal resolutions of (a) 3.44mm (N64),
(b) 1.72mm (N128) and (c) 0.86mm (N256), compared with the image at 3T (a0). The
ellipses in (a) are the regions for SNR measurement (one signal and four noise-only
regions).SNR was increased by a factor of 2.2 from 3T to 7T (a0, a). As expected, the
higher resolutions showed brain structures sharper than the low resolution.
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Fig. 4.
Resolution measurement on the sodium images of a healthy human brain at 7T at nominal
resolutions of (a) 3.44mm, (b) 1.72mm, and (c) 0.86mm. The plotted intensity profiles in
arbitrary unit were from the pixels (dots) on the line segments across the right lateral
ventricle as shown in the inset images. The resolutions were measured on the left side
(arrows) and were 5.5, 2.9 and 1.6 mm, respectively, 60–86 % larger than their nominal
values.
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Fig. 5.
Tissue sodium concentration (TSC) maps of a healthy human brain at 7T at measured
resolutions of (a) 5.5 mm (N64), (b) 2.9 mm (N128), and (c) 1.6 mm (N256). MPRAGE T1-
weighted proton image at 7T (d) was used for identifying the white (dashed ellipses) and
gray (solid rectangle) matter regions of interest in the sodium images as shown in (a, d).
Two single-tuned coils (1H, 23Na) were employed in this examination.
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