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Quantitative measurement of the tissue sodium concentration (TSC) provides a metric for tissue cell vol-
ume fraction for monitoring tumor responses to therapy and neurodegeneration in the brain as well as
applications outside the central nervous system such as the fixed charge density in cartilage. Despite
the low detection sensitivity of the sodium MR signal compared to the proton signal and the requirement
for a long repetition time to minimize longitudinal magnetization saturation, acquisition time has been
reduced to less than 10 min for a nominal isotropic voxel size of 3.3 mm with the improved acquisition
efficiency of twisted projection imaging (TPI) at 9.4 T. However, patient motion can degrade the accuracy
of the quantification even within these acquisition times. Our goal has been to improve the robustness of
quantitative sodiumMR imaging by minimizing the impact of motion that may occur even in cooperative
patients. We present a method to spatially encode a lower resolution navigator echo after encoding the
free induction decay signal for the quantitative image at no time penalty. Both the imaging and navigator
data are sampled with flexTPI readout trajectories. Navigator images are generated at a higher temporal
resolution (�1 min) albeit at lower spatial resolution (8 mm) than the quantitative high-resolution
images. The multiple volumes of navigator echo images are then aligned to extract the translational
and rotational motion parameters assuming rigid-body motion. These parameters are used to align the
k-space data during the acquisition of each volume of the quantitative images. Our results show signif-
icantly reduced image blurring with this method when the subject’s head moved randomly by up to 7�
between the navigator acquisitions.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Quantitative sodium magnetic resonance imaging is a non-
invasive approach for measuring regional metabolic disturbances
reflected in tissue sodium concentration (TSC) caused by human
brain pathology such as stroke [1,2], brain tumors [3,4] and neu-
rodegenerative disease [5–8]. This clinically relevant information
is not available from other methods [9–11]. The energy-
consuming sodium-potassium ion pumps on the cell membranes
tightly control the low intracellular sodium concentrations while
multiple systemic endocrine systems control the high extracellular
sodium concentration [12]. Disruption of the function of these
pumps by pathological metabolic disturbances results in cytotoxic
edema from immediate redistribution of sodium and other ions
between these two tissue compartments. This redistribution does
not immediately increase the TSC but as the effective sodium con-
centration decreases in the expanded extracellular space, more
sodium ions diffuse down the concentration gradient from the vas-
cular spaces. The sodium concentration in the vascular system is
maintained via endocrine mechanisms operating through the kid-
neys, buffering the extracellular sodium concentration thereby
increasing regional TSC at the pathological site. Thus, TSC obtained
with quantitative sodium MRI provides a metric for any pathology
that disrupts ion homeostasis, cell integrity or cell packing.

The intrinsic sodiumMR detection sensitivity is 4–5 order lower
than that of the proton and exhibits rapid bi-exponential relax-
ation behavior (T2fast � 1–3 ms and T2slow � 12–25 ms) in biologi-
cal tissues. Quantitative sodiumMR imaging therefore necessitates
acquiring the free-induction-decay (FID) signal immediately after a
short excitation RF pulse to minimize signal loss due to transverse
relaxation while using long repetition times (TRs) to minimize the
saturation of longitudinal magnetization. Efficient sequences such
as twisted projection imaging (TPI) [13], density adapted 3D radial
acquisition [14], flexible TPI (flexTPI) [15] and 3D cones [16] have
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been proposed to fully sample the FID signal in k-space with a
smaller number of repetition times. Reasonable signal-to-noise
ratio and spatial resolution can be achieved in acquisition times
of about 10 min for quantitative sodium imaging but additional
time is often required for B0 and B1 field corrections [15]. Head
motion can therefore present a significant source of quantification
error, in even a cooperative patient over such a relatively long time.

Several motion compensation methods have been proposed for
proton MR imaging. Motion can be detected from data obtained
from the MR scanner or from other external devices such as cam-
eras [17–20]. External tracking systems allow for rapid motion
detection without interrupting MR imaging but require dedicated
devices that are not widely available and may complicate imaging
setup and/or compromise patient comfort (e.g., placement of
reflective objects). Direct motion detection with MR signals is
therefore desirable if the time impact of acquiring the motion cor-
rection data (i.e., MR images, navigators) is minimized.

We propose a navigator-based retrospective motion correction
to compensate for motion during quantitative sodium imaging
without any increase in acquisition time. The flexTPI sequence
was modified to form a gradient echo after acquiring the FID signal
with the flexTPI readout. The echo was then sampled using a differ-
ent set of flexTPI trajectories to acquire the navigator echo images
at lower spatial but higher temporal resolution than that for the
quantitative images generated from the FID signal. Assuming
rigid-body motion, the extracted translational and rotational
motion parameters between the navigator images were then used
to align the quantitative sodium imaging data in k-space. As the
radial-acquisition based flexTPI sequence is sensitive to eddy cur-
rents induced by the time-varying readout gradient, the k-space
trajectories were measured to obtain both the spatial independent
term (B0 eddy currents) and the linearly spatial dependent term
(linear eddy currents) simultaneously on a phantom [21,22], which
were then used to compensate for eddy currents during image
reconstruction.
2. Materials and methods

2.1. Modified flexTPI sequence with navigator acquisition (navTPI)

The navTPI sequence proposed to acquire an additional naviga-
tor echo for motion correction is illustrated in Fig. 1. Following a
short hard excitation RF pulse, the FID signal was immediately
sampled in k-space using flexTPI readout trajectories designed
for quantitative sodium imaging [15]. The remaining transverse
magnetization was then refocused to form the navigator echo sig-
nal, and sampled with another set of flexTPI readout trajectories at
a lower spatial resolution. Multiple frames of navigator images
Fig. 1. Pulse sequence diagram of the navTPI sequence. Following the radio
frequency (RF) pulse, the quantitative readout with flexTPI gradient trajectories (Gx
solid line, Gy dashed line, Gz dash-dot line) is performed over �9.8 ms, followed by
gradient reversal to generate a gradient echo that is then sampled with different
flexTPI gradient waveforms producing the navigator readout over 7.7 ms.
were acquired during the acquisition of one image set used for
quantification without increasing the total acquisition time.

2.2. Eddy current characterization

Radial acquisition based k-space sampling strategies such as
flexTPI are sensitive to gradient timing errors and eddy currents
induced by the varying readout gradient. A previously proposed
method [23,24] was adopted to measure the timing errors on the
three physical axes, which were then used to align the gradient
waveforms with the analog-to-digital converter (ADC). To compen-
sate for eddy currents induced by the time-varying readout gradi-
ent, the method proposed in [21] for measuring the k-space
trajectories generated by a certain gradient waveform was
extended to characterize both B0 and linear eddy currents, as has
been done in [22]. On each physical axis, the FID signal following
a hard RF pulse was first phase-encoded and then sampled in the
presence of the gradient waveform under investigation on that
axis. This was repeated with n phase encoding steps and the wave-
form atm gradient amplitudes for a total of n �m acquisitions. The
acquired signal s(t, j) for the jth phase encoding can be written as:

s t; jð Þ ¼
Z

m rð Þei k̂ tð Þrþ/̂B0 tð Þð ÞgþjDkperþ/ r;tð Þf gdr ð1Þ

where m(r) is the magnetization, r is the spatial location in the
phase encoding direction, g is the gradient amplitude,

k̂ tð Þ ¼ 1
g

R t
0 G sð Þ þ el sð Þð Þds is the normalized k-space trajectory

including the linear eddy current term el sð Þ induced by the gradient

waveform G sð Þ, b/B0 tð Þ is the phase accumulated by B0 eddy cur-
rents, also normalized by g, Dkpe is the phase encoding step size,
/ r; tð Þ is the phase from all other sources. The number of phase
encodings required is: N � kmax FOVpe, where kmax is the maximum
k-space radius accumulated by the gradient under investigation and
FOVpe is the FOV used in the phase encoding direction. The signal
after the 1D Fourier transform along the phase encoding direction
is:

s r; tð Þ ¼ m rð Þe k̂ tð Þrþ/̂B0 tð Þð Þgþ/ r;tð Þ ð2Þ
Similar to [22], linear least square fitting was first performed to

extract k̂ tð Þ and /̂B0 tð Þ, which were then used during image
reconstruction.

The navTPI sequence collects k-space data on a stack of sym-
metric concentric cones. In one hemisphere, the three components
of a representative trajectory on the physical axes were measured
separately on each cone. Other trajectories were calculated by
rotating the measured trajectories on the corresponding cones.
The trajectories in the other hemisphere were calculated based
on symmetry. The gradient waveforms on Z-axis in the navTPI
sequence only differ in scale and therefore only needed to be mea-
sured once on a representative cone, which reduced the total
acquisition time for collecting eddy current correction data by
nearly 1/3. The same eddy current characterization and correction
was performed separately on both the quantitative readout gradi-
ent waveforms and the navigator readout gradient waveforms.

2.3. Simulation of impact of motion on quantification

A numerical phantom consisting of a central region of cere-
brospinal fluid (CSF; 2.6 � 4.9 � 2.6 cm3, 145 mM, T2 = 55 ms) sur-
rounded by tissue (10 � 10 � 10 cm3, 36 mM, biexponential T2 of
60% 2.5 ms and 40% 14 ms) was used to investigate the effect of
intra-acquisitional motion on quantification. The k-space data cor-
responding to a 10-min flexTPI acquisition were simulated
with random, smoothly varying 3D translations (peak-to-peak
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0.05–2.5 mm) and 3D rotations (peak-to-peak 0.05–2.5�) during
the acquisition using customized software in Matlab (Mathworks,
Natick, MA). Images reconstructed from the data were then con-
verted to TSC bioscales, and the percent signal differences from
the motion-free acquisition were computed across the phantom.

2.4. MR imaging

All imaging was performed using customized single-tuned
quadrature transmit/receive 23Na volume RF coils on a 9.4 T scan-
ner designed for human head imaging [15,24]. Static field (B0)
homogeneity was manually optimized using room temperature
shim coils (up to 3rd order). As this scanner is above the FDA
guideline for static magnetic field exposure for humans, this work
was performed under an investigational device exemption (IDE)
from the Food and Drug Administration (FDA) as part of human
safety testing, with approval from the Institutional Review Board
(IRB) and with informed consent from volunteers. No adverse
effects from the ultra-high field strength exposure [25–29] have
been documented for humans.

2.5. Eddy current data collection

Eddy current correction data were collected on a spherical
phantom of 16 cm inner diameter filled with 40 mM NaCl solution.
For each gradient waveformmeasurement, i.e., one component of a
k-space trajectory, 160 phase steps were used to encode a FOV of
20 cm to achieve a slice thickness of 1.25 mm. The TR used was
100 ms. The k-space trajectories for both the imaging gradients
and the navigator gradients were measured.

2.6. Sodium MR imaging

The navTPI sequence was used for imaging on both healthy vol-
unteers and the calibration phantom. Acquisition parameters used
for quantitative imaging were: FOV/resolution/radial fraction/
gradient strength/readout duration/number of projections/
TE = 20 cm/3.3 mm/0.32/5 mT m�1/9.8 ms/3657/0.26 ms (TE =
1.26 ms for B0 mapping data acquisition). Acquisition parameters
for the navigator acquisition were: FOV/resolution/radial fraction/-
gradient strength/readout duration/number of projections =
20 cm/8 mm/0.22/5 mT m�1/7.7 ms/438. The slightly shorter read-
out duration for the navigator acquisitionwas intended to avoid sig-
nificant image distortion due to the increased sensitivity to B0
inhomogeneity given its lower spatial resolution. A TR of 160 ms
was used to avoid longitudinal magnetization saturation, resulting
in an acquisition time of 70 s for each navigator frame. Unless other-
wisementioned, the transmit power level wasmanually adjusted to
achieve a global p/2 excitation pulse and the scan time for each
quantitative image acquisition was 9 min and 45 s.

To demonstrate the impact of motion and the proposed motion
correction method, two sets of quantitative 23Na image acquisi-
tions were performed on a healthy volunteer. Each set of acquisi-
tions contained three separate scans, one each for quantification,
B0 correction and B1 correction (flip angle = p/4), respectively.
Dataset A was collected with the subject remaining stationary,
while dataset B was collected with the subject deliberately cough-
ing and/or briefly adjusting head location in a random fashion at
the beginning of the 2nd to 8th navigator frames in each
acquisition.

One set of quantitative acquisitions was repeated on the cali-
bration phantom designed to have a similar electrical loading as
an average human head for this RF coil. The calibration phantom,
used for converting the sodium signal to sodium concentration,
contained three compartments with known sodium concentrations
(30, 70, 110 mM sodium chloride in 3% agar) surrounded by a
sphere (16 cm diameter) filled with potassium chloride (60 mM).
2.7. Image registration and motion correction

The three-dimensional low-resolution navigator data were
aligned using the automatic image registration (AIR) software
[30,31] assuming that only rigid-body motion was involved. The
derived translational and rotational motion parameters were then
used to compensate the k-space data acquired in the correspond-
ing segments for motion on a point-wise basis during imaging
reconstruction [32].

Image reconstruction was based on gridding with a Kaiser-
Bessel kernel and 2� oversampling followed by inverse Fourier
transform [15]. Motion parameters were obtained by aligning the
navigator images to the first navigator images acquired during
the acquisition of dataset A. These motion parameters were then
used to correct for motion in the segments of quantitative imaging
data collected during the corresponding navigator image acquisi-
tion. A frequency segmented conjugate phase reconstruction was
used to correct for image distortion due to B0 inhomogeneity
[33]. TSC maps were obtained using the calibration curve derived
from the phantom after compensating for B1 inhomogeneity in
both the human and phantom images.
3. Results

3.1. Eddy current correction

Representative k-space trajectories of the quantitative readout
gradient on one cone and the corresponding eddy currents mea-
sured on all three axes are shown in Fig. 2. The linear eddy currents
resulted in a k-space deviation of up to �20% of the k-space inter-
val over the readout time (Fig. 2b). While the B0 eddy currents on
the x- and y-axes are relatively small (the accumulated phases by
the B0 eddy currents during the readout were <0.02 rad or 1�), the
effect of B0 eddy currents on z-axis is significantly higher with a
maximal accumulated phase of �0.37 rad or 21� during the read-
out) (Fig. 2c).

The effect of eddy current correction on image quality can be
appreciated in Fig. 3. The images reconstructed from the dataset
A (no motion) without eddy current correction (Fig. 3A) show
appreciably lower signal intensity towards the center of the images
and there is a darker rim around the bright lateral ventricles as
indicated by the arrows. The corresponding images reconstructed
from the same data with eddy current correction show more con-
sistent signal intensity across the field of view and minimal dark
rim around the lateral ventricles (arrows).
3.2. Simulation of impact of motion on quantification

Fig. 4 shows the grayscale images of the simulation phantom
and the % error of the cross-sections through the phantom for dif-
ferent simulated translational and rotational motions. Although
the grayscale images are visually identical, quantification errors
increase significantly as the amount of motion increases, as is evi-
dent in the difference images. The errors are not only most pro-
nounced near high-contrast borders, but also extend across
homogenous regions of the phantom. Acceptable errors of less than
5% of the TSC bioscale can only be obtained for the smallest move-
ments (<0.25 mm maximum translation and <0.25� maximum
rotation), which are considerably less than the voxel resolution.



Fig. 2. Eddy current measurements of the quantitative readout gradient waveforms on a typical cone. (a) Measured gradient waveforms along three axes (X, solid line; Y,
dotted line; Z dashed line), (b) K-space deviation due to linear eddy currents from the ideal trajectories in (a) normalized by the desired k-space sampling interval dk
(=FOV�1). (c) Accumulated phase due to B0 eddy currents during the readout duration of �9.8 ms.
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3.3. Motion detection and correction

Fig. 5a shows representative navigator images of the same
image partition during one 3D image acquisition where move-
ments were introduced between the adjacent navigator acquisi-
tions. Eight complete navigator frames were collected. Due to the
long T2 of CSF and short T2 of brain tissue, the navigator signal
acquired with a relatively longer echo time was dominated by
the signal from CSF, which provides high spatial frequency features
with high SNR that are beneficial for image registration. The
derived rigid body translational and rotational motion parameters
on all three axes are plotted in Fig. 5b and c, respectively. The first
navigator frame was used as the reference for motion detection.
Various degree of motion was detected as the subject was
instructed to deliberately cough and/or adjust his head location
in a random fashion at the beginning of the 2nd–7th navigator
frames. Relatively large shifts of up to 5 mm and rotations of up
to 7� were detected.
Fig. 3. Impact of eddy current correction on image. (a) Reference images (no motion) rec
bright ventricles (arrows). (b) Corresponding images reconstructed with eddy current co
the ventricles (arrows).

Fig. 4. Motion simulation model with simulated translations and rotations showing (top
TSC difference (%) between stationary and moving model in color. Color scale is perce
translations (mm) and rotations (�) have the same values as given in the numbers abo
induced quantification errors greater than 5%.
The motion parameters derived from the navigator acquisitions
were used to correct for motion in the normal quantitative imaging
data in Fig. 6, where four representative slices from the volume
acquisition are shown without and with motion correction. The
images are blurry due to motion in Fig. 6a, while significant
improvement in image sharpness is readily visible in all slices in
Fig. 6b. The signal intensity profiles in Fig. 6c of the same cross sec-
tion location (horizontal lines in Fig. 6a and b) again show
improvement in image sharpness after motion correction. The rel-
ative positions of the CSF features in the profiles are misaligned as
a result of the motion.

3.4. Impact of motion and motion correction on TSC quantification

Fig. 7 shows the effectiveness of the navigator motion correc-
tion in reducing the errors of quantitative sodium imaging. Three
TSC maps (A: no motion, Bunc: with motion before motion correc-
tion, Bnav: with motion after motion correction) are visually simi-
onstructed without eddy current correction show darker center and rim around the
rrection show improved signal intensity homogeneity and minimal dark rim around

row) single quantitative image through the phantom and (bottom row) map of the
nt difference in TSC. The selected models shown are given for simulations where
ve the images. The color-scale was chosen to facilitate the visualization of motion



Fig. 5. (a) Eight frames of navigator images of the same partition during the acquisition of a single quantitative sodium dataset, which were used to derive (b) translational
and (c) rotational motions on three axes during eight equal segments of the total acquisition.

Fig. 6. Representative human brain images at four slice locations before (a) and after (b) motion correction using the eight navigator images acquired across the quantitative
sodium image, and (c) profiles of the sodium signal in the same cross-section before and after motion correction as indicated by the horizontal lines in (a) and (b). Significant
improvement in image sharpness can be appreciated after correction. The profiles show the sodium signal in order: air, extracranial soft tissues, skull, subararchnoid space,
brain tissue, interhemispheric fissure, brain tissue, subararchnoid space, skull, extra cranial soft tissues, air. The displacement of the profiles is due to the head motion.

A. Lu et al. / Journal of Magnetic Resonance 307 (2019) 106582 5



Fig. 7. Quantitative TSC maps of the human brain (A) without motion, (Bunc) with discrete coughing without motion correction and (Bnav), with discrete coughing and
navigator motion correction. The quantification errors seen in the difference map without motion correction (Bunc –A) is greatly reduced following navigator motion
correction (Bnav – A). The units of the color scales are in mmol/L of tissue.
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lar. A non-linear color-scale scheme is used to emphasize the rela-
tively narrow TSC range in the brain parenchyma compared to the
wide biological range that includes CSF. This scale enhances detec-
tion of parenchymal variations that are often of biological interest.
The difference images Bunc – A reveal significant quantification
error (up to ±20 mmol/L of tissue) due to motion induced by
coughing. After motion correction Bnav – A, the error in tissue is
mostly reduced to below ±5 mmol/L, an error that is now similar
to the standard deviation of TSC in brain parenchyma voxels deter-
mined by the SNR of sodium imaging. Again, the color-scale of the
difference images was chosen to facilitate the visualization of the
differences greater than 5 mmol/L before and after motion correc-
tion. The largest residual error after motion correction is primarily
seen in the CSF spaces, which may be partly due to CSF flow that
violates the rigid body assumption.
4. Discussion

Despite efficient acquisition strategies, quantitative sodium MR
imaging requires not only a quantitative acquisition lasting
�10 min but often additional acquisitions to correct B1 and B0
inhomogeneities that compromise accuracy. Even for cooperative
patients, head motion occurs during such extended periods. The
simulation and experiments show that motion is yet another
source of significant quantification error, even though the flexTPI
acquisition trajectories are relatively resilient to motion as com-
pared to Cartesian acquisitions. The proposed navTPI sequence seg-
ments the long quantitative acquisition time into multiple short
periods in which lower resolution navigator images can be
obtained without time penalty. These navigator images allow for
estimation of rigid motion parameters that allow segmented
motion correction of the k-space data of the quantitative acquisi-
tion. Image blurring and quantification errors in TSC maps are sig-
nificantly reduced after motion correction.

Motion correction for sodium imaging using ECG-gating or self-
gating has been reported for correcting the periodical cardiac
motion or respiratory motion [34,35]. These methods are not
directly applicable for correction of the occasional/random motion,
such as cough or head position adjustment during imaging for
which the proposed navigator method has been shown to be appli-
cable. The temporal resolution of motion detection can be
improved using the moving window approach – i.e., reconstructing
navigator echo images within a moving window across the
acquired navigator echo data. In this way, the nominal temporal
resolution of the navigator frames can be made as high as one
TR. However, the motion happening during any navigator frame
will compromise the accuracy of motion detection and conse-
quently decrease the effectiveness of this correction. The acquisi-
tion time of �70 s for each navigator frame in this work can be
significantly shortened by imaging at an even lower spatial resolu-
tion (e.g., to 15 mm isotropic resolution as compared to the 8 mm
used here could shorten the acquisition time for each time frames
to �20 s or less), using more efficient k-space sampling trajectories
such as 3D Cones [16] for navigator acquisition, or using fast imag-
ing techniques such as parallel imaging. Despite the low spatial
resolution, reasonable image registration can be achieved because
the long TE used for the navigator acquisition and the differences
in tissue transverse relaxation times isolates high spatial frequency
features by effectively segmenting CSF spaces from brain tissues.
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As the eddy currents for our 9.4 T scanner were significantly lar-
ger than those previously reported in [15] on our 3 T clinical scan-
ner, eddy current correction was critical to improve the accuracy of
TSC quantification. As a volume transmit proton coil at 9.4 T was
not available when this work was performed, eddy current charac-
terization based on proton signals was not feasible. The method
used in [15,22] requires acquiring calibration data from multiple
thin (�1mm) slices at different off-isocenter distances. Due to
the much lower gyromagnetic ratio of sodium as compared to that
of proton, extremely high gradient amplitudes would have been
needed to selectively excite a thin slice with a resultant relatively
long TE. Thus that approach was not used to acquire eddy current
correction data with the sodium signal. Rather, the Fourier encod-
ing method proposed in [21] was adopted and extended to directly
measure the actual k-space trajectories (including linear eddy cur-
rent effects) and phase due to B0 eddy currents. The Fourier encod-
ing method also has a SNR advantage as signal from the entire
volume instead of a thin slice was acquired in each TR during the
entire calibration acquisition. Other methods using models such
as multiple exponentials to characterize eddy currents have been
proposed to correct for eddy currents during sodium MR imaging
at 9.4 T [36]. The performance of these eddy current correction
methods needs further investigation.
5. Conclusion

Navigator data obtained from echoes added to the flexTPI
sequence enables intra-acquisition motion correction to improve
the accuracy of quantitative sodium MR imaging without time
penalty. Further study is needed to improve the navigator echo
image frame rate.
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