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Abstract
Purpose—To compare signal-to-noise ratios (SNR) and T2* maps at 3T and 7T using 3D cones
from in vivo sodium images of the human knee.

Materials and Methods—Sodium concentration has been shown to correlate with
glycosaminoglycan content of cartilage and is a possible biomarker of osteoarthritis. Using a 3D
cones trajectory, 17 subjects were scanned at 3T and 12 at 7T using custom-made sodium-only
and dual-tuned sodium/proton surface coils, at a standard resolution (1.3×1.3×4.0mm3) and a high
resolution (1.0×1.0×2.0mm3). We measured the SNR of the images and the T2* of cartilage at
both 3T and 7T.

Results—The average normalized SNR values of standard-resolution images were 27.1 and 11.3
at 7T and 3T. At high resolution, these average SNR values were 16.5 and 7.3. Image quality was
sufficient to show spatial variations of sodium content. The average T2* of cartilage was measured
as 13.2±1.5 msec at 7T and 15.5±1.3 msec at 3T.

Conclusion—We acquired sodium images of patellar cartilage at 3T and 7T in under 26 minutes
using 3D cones with high resolution and acceptable SNR. The SNR improvement at 7T over 3T
was within the expected range based on the increase infield strength. The measured T2* values
were also consistent with previously published values.
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INTRODUCTION
Sodium concentration has been shown to correlate well with glycosaminoglycan (GAG)
concentration in cartilage and can potentially be used as a marker of cartilage health (1–4).
Imaging of cartilage in vivo using sodium MRI at high field strength has been challenging
due to hardware and software requirements. Non-invasive measurement of sodium in
cartilage would be a valuable tool in development and testing of therapies for osteoarthritis.

Sodium MRI presents a series of unique challenges. Sodium exhibits a short, bi-exponential
T2 relaxation, with a fast component of 0.7–3.0 msec and a slow component of 16–30 msec
(5). Additionally, the sodium concentration in the body is approximately 700 times lower
than the proton concentration. Together, these properties make sodium very difficult to
image with adequate signal-to-noise ratio (SNR). Despite these challenges, sodium is the
second most MR-visible naturally occurring nucleus in the body after hydrogen.
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Although fast 3D Cartesian k-space trajectories have been implemented for sodium imaging
(6), center-out 3D k-space trajectories allow further reduction of echo times since they do
not require dephaser or phase-encoding gradients. Examples of center-out trajectories
include projection imaging(PR), twisted projection imaging (TPI) (7), and 3D cones (8). In
both TPI and 3D cones, k-space is sampled over conical surfaces centered at the origin. The
3D PR trajectory samples k-space with poor uniformity, and consequently has lower SNR-
efficiency than trajectories that cover 3D k-space with more uniform sampling (9–11). This
can lead to prohibitively long scan times to achieve adequate SNR. The TPI trajectory
generation algorithm is simple and efficient, yet it does not take into consideration hardware
slew rate limitations and may require numerical smoothing that can result in inefficiencies
and complications. We chose the 3D cones k-space trajectory as presented by ref. (9) for this
work since it is highly SNR-efficient and optimizes the trajectory based on gradient
limitations and desired resolution, field of view, and readout length.

Implementation of non-Cartesian trajectories and accurate measurement of T2* decay at
high fields such as 3T and 7 T is challenging but results in highly efficient image
acquisition. Accurate characterization of sodium T2* decay in patellar cartilage is important
for sequence parameter optimization. This transverse signal relaxation time-constant can
also in some cases be a marker of underlying physiologic structure or pathology.

High field strengths, such as 3 T and 7 T, are particularly well suited for sodium imaging.
First, given the inherently low SNR, sodium imaging can benefit immensely from the
additional SNR achievable at higher fields. Second, the low γ of sodium allows for imaging
without certain limitations that normally apply to proton imaging at high fields. Third,
sodium coils produce less severe local radiofrequency power deposition than their proton
equivalent (12,13). Field inhomogeneity and off-resonance are also reduced for sodium
imaging due to the low value of γ.

Registering sodium and hydrogen images allows anatomical information to be presented
together with sodium content of tissues. using a dual-tuned coil, the sodium and proton
images can be acquired consecutively without the need to move or realign the patient
between scans. This technique allows for registration that is simple, fast, and less prone to
errors due to patient motion, position and orientation.

In this work, we tested a protocol using the 3D cones sequence for imaging of in vivo total
sodium signal of human patellar cartilage in vivo at 3 T and 7 T. The image signal-to-noise
ratio was evaluated in each case and compared, showing results that match the theoretically
expected values. High-SNR sodium images were obtained in reasonable scan times at
clinically useful resolutions. T2* of patellar cartilage was measured at both 3 T and 7T. The
results obtained showed remarkable consistency between subjects and field strengths as well
as agreement with previously published values.

MATERIALS AND METHODS
We implemented our 3D cones sodium imaging sequence on both a 3 T and a 7 T GE Excite
whole body scanner (General Electric Medical Systems, Waukesha, WI). Both systems were
capable of a maximum gradient amplitude of 40 mT/m and a maximum slew rate of 150
mT/m/msec. At 7 T a dual-tuned 1H/23Na transmit-receive coil from General Electric was
used, consisting of an inner, 13 cm diameter loop tuned for sodium imaging (78 MHz), and
an outer, 15 cm diameter loop tuned for proton imaging (298 MHz). At 3 T we used a
custom10 cm 23Na transmit-receive coil (33 MHz).

Written informed consent was obtained from all subjects and all research activities were
conducted within the guidelines of our institution for research with human subjects. Knee
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images were acquired from a total of 29 healthy volunteers (17 at 3 T, 12 at 7 T). Proton
images were acquired with a 3D fast SPGR (RF-spoiled, gradient-recalled echo) pulse
sequence (14–17).

3D Cones k-space Trajectory And Imaging Parameters
All sodium images presented in this paper were acquired with a 3D cones k-space trajectory
(9). We optimized the cones trajectory for sodium imaging by beginning with the desired
resolution, field of view (FOV), and readout duration to minimize off-resonance and T2*
blurring. As we are using a gridding reconstruction (18) the readout bandwidth is
unimportant as long as it is high enough to support the required FOV; gridding acts as a
filter that limits the noise bandwidth.

The parameters used for all sodium images were TE/TR = 0.6/50 msec and nominal flip
angle of 70°. The repetition time was chosen to meet SAR limits at both field strengths. The
echo time is measured from the RF pulse center to the start of the acquisition, and was the
minimum time that we could consistently achieve with a 640 μsec RF pulse. Using a shorter
echo time generated artifacts in the received signal attributable to ringing in the receive
filter.

The flip angle was set nominally to 70° and adjusted during prescan to obtain the maximum
total sodium signal for each scan. The RF pulse used was a non-selective windowed single-
lobe sinc (time-bandwidth product of 0.5).

A total of 16 acquisitions were averaged for each volume. For all registered images, the
sodium images were Fourier interpolated to match the matrix size of the proton images, and
overlaid onto the anatomical images using the “heat” colormap.

We acquired axial knee images at two different resolutions. For the standard-resolution
sodium images we used an 8 msec readout length with a readout bandwidth of ±125 kHz, a
total of 1285 interleaves, a resolution of 1.3×1.3×4.0 mm3 (voxel volume of 6.8 μl), a
128×128×32 matrix over an FOV of 16×16×13 cm3, a 70° flip angle, a scan time of 64 sec
per volume acquired, and 16 signal averages leading to a total scan time of 17 min 8 sec.

For our high-resolution sodium images, we used a 16 msec readout length with a readout
bandwidth of ±62.5 kHz, a total of 1937 interleaves, a 1.0×1.0×2.0 mm3 resolution (voxel
volume of 2 μl), a matrix of 160×160×64 points over a FOV of 16×16×13 cm3, a 70° flip
angle, a scan time of 97 sec per volume, and 16 signal averages, leading to a total scan time
of 25 min 50 sec. In every case the number of interleaves used to cover k-space was the
minimum required to achieve the desired resolution and FOV within the allotted readout
time.

Measurements Of Reported Values
To measure the SNR of the sodium images we selected a region of interest (ROI) within the
background noise and another ROI within the tissue. For these knee images the tissue ROI
consisted of the entire patellar cartilage volume, segmented carefully by hand with the aid of
proton anatomical images of the same subject. We calculated the SNR as the average signal
of the tissue ROI divided by the standard deviation of the noise ROI. These numbers were
then Rayleigh-corrected to account for the measurements being made on magnitude images
(19).

To compare the SNR of images obtained at different fields we need to account for the effect
of coil size. For surface loops SNR should scale with the coil radius R−(5/2) (20). We present
our SNR at 3 T as measured, and we normalized our data acquired at 7 T as follows:
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This normalization amounts to multiplying the measured data at 7 T by 1.75, given radii of
12.7 cm at 7 T and 10.2 cm at 3 T. We present the mean and standard deviation of the
measured SNRs across all volunteers in each experiment.

Co-registered 1H/23Na Axial Imaging Of Patellar Cartilage at 7 T
We scanned the knees of 5 healthy volunteers (3 females, 2 males, 30 to 37 years old, mean
age of 35 years) at the standard resolution and 7 volunteers (3 females, 4 males, 23 to 36
years old, mean age of 28 years) at the high resolution using our sodium protocol. We
acquired SPGR proton images for all volunteers with an FOV of 16×16×13 cm3, TE/TR =
2.8/8.5 msec, 2.0 mm slice thickness, 5° flip angle, 384 points per readout and 256 phase
encodes. These data were acquired with a 13 cm dual-tuned 1H/23Na transmit-receive coil.

23Na Imaging Of Patellar Cartilage At 3 T
We acquired sodium images at 3 T from 7 healthy volunteers (3 females, 4 males, 33 to 55
years old, mean of 38 years) at standard resolution and 10 volunteers (6 females, 4 males, 22
to 66 years old, mean of 37 years) at our high resolution. All these data were obtained with a
10.2 cm sodium surface coil.

Sodium T2* Measurements Of Patellar Cartilage
We measured sodium T2* in the patellar cartilage using two different methods. First we
acquired low-resolution images of the knee for 7 healthy subjects at each field at multiple
echo times. The chosen parameters (Tab. 1) resulted in a scan time of 4 min. per echo at 3 T
and 2 min. per echo at 7 T. We then manually segmented the cartilage from the image with
the shortest TE and calculated a single average signal value for the pixels in this segmented
ROI for each TE. These values were then fit to a monoexponential decay model to obtain an
average T2* for the patellar cartilage.

Secondly, we acquired images from 7 healthy volunteers at each field with a resolution of
2.0×2.0×4.0 mm3, TR of 35 msec, 4 signal averages, and TEs of 0.5, 0.75, 1.0, 2.0 and 4.0
msec, with a scan time of 4 min 30 sec for each echo time. The values for each pixel were
independently fit to a monoexponential decay model to generate a T2* map of the patellar
cartilage.

RESULTS
All results are summarized in Tab. 2.

Co-registered 1H/23Na Axial Imaging Of Patellar Cartilage At 7 T
The top row of fig. 1 shows an axial knee image obtained at the standard resolution at 7 T.
The average cartilage SNR, normalized for coil size, over all 5 volunteers is 27.1 ± 1.8
measured in ROIs placed in the cartilage. The bottom row of fig. 1 shows an axial knee
image obtained with the high-resolution protocol at 7 T. The average normalized cartilage
SNR of these acquisitions over all 7 volunteers is 16.5 ± 1.1.
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23Na Axial Imaging Of Patellar Cartilage At 3 T
Figure 3(a) shows a standard-resolution sodium axial image of a knee at 3 T. The average
SNR for all 7 volunteers at these conditions is 11.3 ± 0.3. The average SNR for the 10
volunteers scanned with our high-resolution protocol is 7.3 ± 0.6. An axial high-resolution
sodium image of a knee can be seen in Fig. 3(b). Even without the aid of the anatomical
proton image the cartilage can still be differentiated from the subcutaneous sodium given its
relatively high sodium content.

Sodium T2* Measurements Of Patellar Cartilage
For the average T2* measured over an ROI consisting of the cartilage we obtained values of
15.5 ± 1.3 msec at 3 T and 13.2 ± 1.5 msec at 7 T. Figure 4 shows T2* maps at 7 T. These
maps show typical values between 8.5 and 20 msec.

DISCUSSION
We have shown sodium images of knee cartilage at both 3 T and 7 T, obtained using a 3D
cones k-space trajectory. At 7 T, these images were acquired with dual-tuned surface coils
allowing for registration with proton images, therefore providing anatomical information
corresponding to the sodium content of the tissue. These sodium images have reasonable
SNR, high resolution and were all acquired in relatively short scan times, making it feasible
for subjects to stay in the same position during the scan.

Sodium MR imaging has many potential clinical applications. Sodium signal as measured by
MRI has been shown to correlate with GAG in articular cartilage [3, 4]. This can be used to
detect early signs of cartilage degeneration or injury, before changes can be seen with proton
MRI [2]. This may enable development of disease-modifying treatments for OA and
assessment of cartilage repair methods. Resolution should be high enough to distinguish the
tissue of interest from the surrounding environment, while the SNR achieved should be
enough to distinguish between healthy tissue and lesions. Registration of sodium images
with proton MR images may be useful to reduce partial volume errors.

The SNR (normalized for coil size) of the 7 T images should be about 7/3 times the SNR of
the 3 T images obtained under the same conditions. The SNR of our standard-resolution 3 T
images was 11.3, which when scaled by 7/3 was 26.4, compared to a normalized SNR at 7 T
of 27.1 at the standard resolution. The SNR of our high-resolution images at 3 T was 7.3,
which when scaled by 7/3 was 17.0, compared to a normalized SNR at 7 T of 16.5 at our
high resolution. These results were consistent with what is known about the scaling of SNR
with field strength. It is important to note that since the data for the different resolutions
were acquired with different readout lengths we do not expect the SNR to scale linearly with
voxel volume, due both to the readout duration change and the T2* decay over the readout.

Our patellar T2* measurements demonstrate that sodium T2* does not change significantly
between 3 T and 7 T. Unlike for protons, the dominating factor for intra-voxel dephasing are
the quadrupolar interactions between nuclei which is not expected to change with magnetic
field. Therefore, T2* (which is a measure of intra-voxel dephasing) in sodium is less
affected by field strength than in proton MRI. Some of the issues still remaining with our
T2* measurements include the potential for partial volume artifacts. Given that both the
cartilage and the joint fluid contribute to the sodium signal, and due to their structure have
very different T2* values, the measurements from voxels containing both tissues maybe
erroneous. Yet given the resolution of our images we believe that these errors occur in a
small fraction of pixels. Furthermore, even though the T2* of sodium in cartilage is
expected to be bi-exponential, we find a better fit with a single exponential. This is probably
an indication that we are only measuring the long T2* component.
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In our experiments, a potential source of error is the different cohorts of subjects for each
field strength and resolution. Another possible source of error are the coils used. First,
surface coils yield poor B1 homogeneity, leading to signal intensity variations in the images.
We tried to mitigate this by carefully placing the coils and calculating the SNR numbers
from large ROIs to reduce the effects of these B1 changes. Finally, the assumption that our
experiments are dominated by sample noise may not always be correct. Further studies
would be necessary for a definitive verification of the scaling of SNR with field strength.

Key aspects enabling the acquisition of high quality sodium images in reasonable scan times
include the novel 3D cones sequence and its parameters, and the hardware (both magnets
and coils) utilized. The very fast T2 and T2* relaxations exhibited by sodium (average of 13
msec in patellar cartilage) makes it imperative to use sequences that allow short echo times.
With the 3D cones k-space trajectory, as with other center-out k-space trajectories, the TE is
only limited by hardware capabilities. Shortening this time even further could still enhance
image quality.

Another critical characteristic of the 3D cones k-space trajectory is its SNR efficiency.
However, the SNR efficiency of 3D cones is not optimal. TPI (7), for example, shows higher
SNR efficiency than 3D cones. However, the 3D cones algorithm takes in consideration both
the gradient amplitude and slew rate limitations of the hardware, providing flexibility to
make trade-offs desirable when acquiring high-resolution images.

The 3D cones sequence was optimized for each field strength to minimize blurring and
artifacts from off-resonance, T2*, and gradient delays. The readout length of 8 msec or 16
msec was chosen to be on the order of our measured T2* for sodium. These acquisition
windows avoid much of the T2 or T2* blurring from the slow T2 component, yet the images
still suffer from some T2 blurring due to the fast T2 component. Another potential source of
blurring is from off-resonance. We reconstructed the data at various center frequencies to
verify we are not facing any major field inhomogeneity effects with the readout lengths we
have used.

Some experiments with gradient timing variations show that delaying the start of each
gradient waveform by slightly different amounts (on the order of a few microseconds) for
each physical axis changes the appearance of the images. This suggests that it may be
necessary to precisely measure the gradient delays and use these measurements either to
improve the pulse sequence timing during the scan or consider them during reconstruction to
correct the image (21).

In conclusion: we have acquired high-resolution 3D in vivo sodium images of human
patellar cartilage at 3 T and 7 T in reasonable acquisition times. We compared the SNR at 3
T and 7 T and verified that, after accounting for coil size, SNR scales linearly with field
strength. Finally we presented T2* maps and measured values for T2* of sodium in patellar
cartilage of 15.5 msec at 3 T and 13.2 msec at 7 T, which are consistent with previously
reported results at other fields.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Axial knee image at 7 T
(a) and (d) Detail of proton images of patellar cartilage with resolution of 0.4×0.6×2.0 mm3.
(b) Standard-resolution (1.3×1.3×4.0 mm3, voxel volume of 6.8 μl) sodium image from the
full 3D volume acquired (cartilage SNR = 16). (e) High-resolution (1.0×1.0×2.0 mm3, voxel
volume of 2 μl) sodium image from the full 3D volume acquired (cartilage SNR = 9). (c)
and (f) Overlay of the color-mapped sodium image onto the anatomic data. These images
shows higher sodium signal in the patellar cartilage than in the subcutaneous region. This is
expected since the sodium concentration in healthy cartilage is about two times larger than
in subcutaneous tissue. The high-resolution image shows a better delineated cartilage due to
a thinner slice and reduced partial volume artifact. The high-resolution images have an
average SNR that is about 61 % that of the standard resolution images at 7 T. This
difference can be explained considering the variations in voxel size, readout time, and scan
time.
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Figure 2. Axial knee images at 3 T
(a) Detail of standard-resolution (1.3×1.3×4.0 mm3, voxel volume of 6.8 μl) sodium image
of patellar cartilage (cartilage SNR = 9). (b) Detail of high-resolution (1.0×1.0×2.0 mm3,
voxel volume of 2 μl) sodium image of patellar cartilage (cartilage SNR = 8). The displayed
FOV is 7×5 cm2. The cartilage is distinguishable even without the aid of an anatomical
proton image given its relatively high sodium content. The high-resolution image (b) shows
a thinner cartilage profile given the smaller partial volume effects, yet the image quality in
panel (a) is clearly better reflecting the higher SNR. This difference can be seen in the
sections inside the patellar signaled by the red arrow, where image (b) exhibits more noise
than panel (a).
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Figure 3. Sodium T2* maps
(a) Sodium image of the patellar cartilage. (b) Overlaid T2* map of sodium in the human
patellar cartilage in vivo at 7 T. These images show sodium T2* values between 8.5 and 20
msec. There are indications in our maps that the T2* of the anterior part of the cartilage is
lower than that of the posterior layers.
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