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The rapid biexponential transverse relaxation of the sodium MR signal from brain tissue requires efficient
k-space sampling for quantitative imaging in a time that is acceptable for human subjects. The flexible
twisted projection imaging (flexTPI) sequence has been shown to be suitable for quantitative sodium
imaging with an ultra-short echo time to minimize signal loss. The fidelity of the k-space center location
is affected by the readout gradient timing errors on the three physical axes, which is known to cause
image distortion for projection-based acquisitions. This study investigated the impact of these timing
errors on the voxel-wise accuracy of the tissue sodium concentration (TSC) bioscale measured with
the flexTPI sequence. Our simulations show greater than 20% spatially varying quantification errors when
the gradient timing errors are larger than 10 ls on all three axes. The quantification is more tolerant of
gradient timing errors on the Z-axis. An existing method was used to measure the gradient timing errors
with <1 ls error. The gradient timing error measurement is shown to be RF coil dependent, and timing
error differences of up to �16 ls have been observed between different RF coils used on the same scan-
ner. The measured timing errors can be corrected prospectively or retrospectively to obtain accurate TSC
values.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Despite the number of MR sensitive nuclides that potentially
report on brain metabolism, clinical MR neuroimaging remains
focused on image contrast derived from water proton signals
that are interpreted qualitatively, largely in terms of anatomy.
Non-proton signals, such as from sodium that report on sodium
ion homeostasis, can be quantified into metabolic parameters that
have the potential to be interpreted quantitatively in terms of tissue
viability under conditions of ischemia and during treatment of brain
tumors [1–4]. Strategies for achieving quantitative sodium MR
imaging to produce bioscales, defined as quantitative parametric
maps interpretable directly in terms of biochemical processes, have
been reported [5–10]. Despite the lower spatial resolution compared
to proton MR images, such bioscales allow quantitative comparisons
of metabolic processes between normal and diseased tissues across
different patients and institutions [3–6]. The sources of errors in
quantification must be identified and should be minimized.

Because of the short biexponential transverse relaxation (T2)
properties of the sodium nucleus in tissue and the need to use long
repetition times (ideally TR > 5T1) to avoid signal saturation for
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quantification purposes, imaging methods that allow for efficient
spatial encoding with an ultra-short echo time (TE) must be used.
These considerations led to the introduction of the 3D radial acqui-
sition based twisted projection imaging (TPI) for quantitative so-
dium imaging [11]. TPI k-space trajectories are initially radial to
move rapidly away from the oversampled center of k-space and
then twist on the surface of a series of nested cones to acquire k-
space samples uniformly distributed over the surface of spheres
of increasing radii. TPI requires only a fraction of the total number
of projections, or TR periods, that a corresponding critically sam-
pled radial acquisition requires. Flexible TPI (flexTPI) extends TPI
to achieve a flexible tradeoff between readout length and image
resolution without violation of the gradient slew rate limits [9].
Other sequences such as 3D radial acquisition [12], 3D Cones
[13,14], and density adapted radial acquisition [15] have also been
proposed for sodium imaging. The 3D radial acquisition and den-
sity adapted radial acquisition require significantly more repeti-
tions to critically sample k-space, limiting their applications for
clinical quantitative 23Na imaging as the long TR values used to
avoid signal saturation in this case would result in excessively long
total acquisition times. In addition, both the 3D Cones sequence
and TPI sequence sample k-space more evenly and are therefore
have better signal-to-noise ratio (SNR) performance. The flexTPI
sequence was used in this study due to its simpler gradient wave-
form design.
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Fig. 1. (a) Timing diagram of the pulse sequence for the gradient delay measure-
ment. The gradient waveform is only played out on one physical axis at a time. On
each axis, two data acquisitions are performed with opposite gradient polarity
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The impact of T1, T2, and B1 inhomogeneity on quantitative so-
dium imaging is well understood and can be properly addressed
[5–9,16,17]. The importance of correcting for B0 inhomogeneity
for sodium imaging has also been demonstrated recently [9]. How-
ever, although radial acquisition based imaging techniques are
known to be sensitive to gradient timing errors and the effect of
the gradient timing error on qualitative MR imaging of proton sig-
nals has been demonstrated [18–21], its impact on the accuracy of
quantitative sodium imaging has not been reported. This is likely
due to the fact that sodium imaging often uses relatively low
acquisition bandwidth and has lower spatial resolution in order
to achieve sufficient signal-to-noise ratio, therefore anatomical im-
age distortions that arise from gradient timing errors are less
apparent. However, as the TSC bioscale is proposed as a quantita-
tive map, the sources of quantification error in this parameter must
be defined. We report on the impact of the gradient timing error on
the accuracy of quantification of tissue sodium concentration. Sim-
ulations using human brain sodium images show that quantifica-
tion errors of greater than 20% can exist in TSC values without
visible anatomical distortions when the gradient timing errors
are greater than 10 ls on all three axes. Fortunately, this error is
readily minimized by compensating for the timing errors with
minimal scan time penalty.
(denoted by solid and dotted lines). The two shaded regions have equal areas. (b)
Plots showing the physical gradient timing that could occur during data acquisition.
While ideally the gradient should start at the same time as the ADC with delay time
td = 0 (solid line) in this case, the physical gradient can also start before (td < 0, short
dashed line) or after (td > 0, long dashed line) the start of the ADC. (c) Plots showing
that the logical gradient can be moved before (tadj < 0, long dashed line) or after
(tadj > 0, short dashed line) the onset time of the ADC in the pulse sequence to
synchronize the physical gradient and the ADC.
2. Materials and methods

2.1. Gradient timing measurement

Unlike Cartesian-based imaging trajectories, radial acquisition
based imaging techniques such as flexTPI, are sensitive to gradient
timing errors that cause a delay in the onset of the k-space trajec-
tories. This misalignment can result from multiple sources includ-
ing non-zero phase responses of the analog and digital filters,
gradient hardware delays, and eddy currents due to gradient
switching [18]. The effect of the gradient timing error on qualita-
tive MR imaging of proton and sodium signals has been demon-
strated and correction strategies have been proposed [18–22].
Here, the gradient timing error was measured by relating it to
the signal phases of the projections of the subject on each of the
three physical axes, as proposed in the literature [18,21]. The pulse
sequence diagram for the delay measurement is shown in Fig. 1a.
The gradient timing error, td (shown in Fig. 1b), is related to the
phases of the signals acquired with alternated gradient polarities
in image space:

argðSþðrÞS��ð�rÞÞ ¼ 2cGtdr þ / ð1Þ

where S+(r) and S�(r) are the image space signals corresponding to
the k-space signals acquired with positive and negative gradient
polarities, respectively. G is the constant readout gradient ampli-
tude, c is gyromagnetic ratio of the nucleus being investigated, r
is the spatial location of the spins along each of the three physical
axes, and / is a constant phase offset. The gradient timing error is
found by linearly fitting Eq. (1) with respect to spatial location r
scaled by 2cG .

As shown in Fig. 1c, these measured timing error values can be
used to align the physical gradient waveforms and the timing of
the analog–digital converter (ADC) readout. A negative measured
td means the ADC starts after the physical gradient and therefore
the logical gradient needs to be adjusted to start later relative to
the ADC onset time in the pulse sequence. A positive td means
the physical gradient starts after the ADC and therefore the logical
gradient needs to be adjusted to start ealier relative to the ADC on-
set time. In either case, the necessary timing adjustment is
tadj = �td. The precision of this pre-compensation is 1 ls on our
3.0 T scanner (limited by hardware timing resolution of 2 ls).
Any residual timing errors can be incorporated into the image
reconstruction, where retrospective timing correction is used to
align the k-space data to the k-space trajectory. Preferably the pro-
spective time correction performed at data collection ensures a
small td so that the central k-space data are collected.

2.2. MR experiments

MR imaging was performed on a 3.0 T scanner (HDx, 14.0x, GE
Healthcare, WI) equipped with broadband capabilities. The
maximum gradient strength and slew rate of the system is
40 mT/m and 150 mT/m/s, respectively. Healthy adult subjects
(N = 5, 4 male, aged 23–45 years) were recruited after obtaining
informed consent for MR brain imaging. Unless otherwise
mentioned, customized, identical single-tuned 23Na and 1H bird-
cage transmit/receive coils (16 rungs, inner diameter = 25.5 cm,
length = 30.5 cm) were used in quadrature mode with capacitive
coupling of the matching circuits to the coil. The subject’s head
was supported in an independent cantilevered head holder
attached to the patient table. Thus these coils could be rapidly
exchanged without subject motion to obtain co-registered data-
sets. For sodium experiments, the transmit power was manually
adjusted to achieve a 90� flip angle with a 500 ls hard RF pulse.
To examine the dependence of the timing measurement on the
type of radiofrequency coil, the same experiments were also
performed using a TEM sodium coil with an end-plate [23]. The
inner diameter and the length of the cavity are 26.5 cm and
21.5 cm, respectively. The coil was operated in quadrature mode
with capacitive coupling of the drive points to the coil.

2.2.1. Gradient timing measurement
To minimize the impact of B0 field inhomogeneities on gradient

timing measurements, a spherical phantom filled with a sodium
concentration of 56 mM was used. Shimming was performed using
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the auto prescan procedure provided by the scanner manufacturer
on the proton signal. The gradient timing measurements were per-
formed along each of three axes at gradient amplitudes of 2, 4 and
8 mT/m. The gradient ramp time was kept constant (288 ls) in all
experiments. The readout length was 8.192 ms (512 readout points
with an acquisition bandwidth of 31.25 kHz. The dwell time was
16 ls with an oversampling factor of 2). The impact of short-term
eddy currents on the delay measurement was minimized by using
small encoding gradients and only the central 384 readout points
for the measurement. The measured timing error values were then
used to adjust the timing of the readout gradient waveforms dur-
ing quantitative sodium imaging.

2.2.2. Quantitative sodium imaging
The imaging protocol is shown schematically in Fig. 2a. Proton

imaging was always performed prior to sodium imaging to ensure
that automated first order shimming was performed to optimize
B0. This proton shimming was maintained for all subsequent pro-
ton and sodium imaging. A B0 map was then acquired for further
correction of B0 inhomogeneities [24,25]. The B0 field map was ob-
tained using 3D SPGR images with TE values of 2.1 ms and 4.3 ms
in about one minute. This map was used to reconstruct sodium
images after correction for the different gyromagnetic ratios of so-
dium and protons. The use of a B0 map based on protons rather
than sodium shortened the time required for the human subject
to remain stationary in the magnet. The RF coils were then ex-
changed and sodium imaging was performed with the flexTPI se-
quence with corrected gradient timing. A B1 map was obtained
using the double flip angle method [26] to correct for B1 field
inhomogeneity.

Imaging parameters for sodium imaging using the flexTPI se-
quence included TE = 0.36 ms (half of a constant 0.5 ms excitation
RF pulse plus 0.11 ms hardware dead time after the RF pulse),
FOV = 22 cm, bandwidth = 31.25 kHz, 5 mm isotropic nominal res-
olution, TR = 160 ms (full longitudinal relaxation for brain paren-
chyma where the measured T1 is �30 ms [27]). The readout
length was �12.3 ms with a radial fraction of 0.25 and a maximum
gradient strength of 0.4 G/cm. Two signal averages were used to
improve the SNR. The total scan time for each sodium data acqui-
Fig. 2. (a) Illustration of the data acquisition steps and (b) flow chart of the image reconst
bioscale. The eddy current correction data can be collected beforehand on 1H data, assu
sition was approximately 8 min for all in vivo studies. The total
imaging time for a human subject was �18 min which included
shimming and two proton acquisitions (B1 map) and two sodium
acquisitions (B1 map and quantifiable image) to obtain the final
TSC bioscale.

The data acquisition was repeated with the same parameters on
a sodium calibration phantom located at the same isocenter as the
head and with a similar electrical loading of the RF coils as a hu-
man head. The calibration phantom consisted of a plastic sphere
(4000 ml) containing three hollow cylindrical tubes (260 ml, inner
diameter 5 cm) held in parallel along the main magnetic field with-
in the center of the sphere. The cylinders were filled with different
concentrations of sodium chloride (30, 70, 110 mM) in agar (3%)
with the surrounding sphere filled with potassium chloride
(60 mM). The methodology for quantifying the sodium signal is
demonstrated in Fig. 2b and has been described previously [9]. This
method using the calibration phantom minimizes errors in creat-
ing the calibration curve associated with B1 and B0
inhomogeneities.
2.3. Simulation of the effect of timing error on quantification

To demonstrate the impact of gradient timing error on quanti-
fication, the k-space trajectories for one dataset were recalculated
by adjusting the readout gradient timing on all axes simulta-
neously in 4 ls intervals from �16 ls to 16 ls with respect to
the start of data acquisition for both human and phantom sodium
acquisitions in the dataset. This range was chosen based on the
experimentally measured timing errors for the two sodium RF
coils. The readout gradient on each individual axis was also shifted
by different amount to examine the effect of anisotropic gradient
delay on quantification. The corresponding k-space trajectories
were then recalculated based on the shifted gradient waveforms
and used to reconstruct both the calibration phantom and human
sodium data. The resultant B1 and B0 corrected human images
were then calibrated with the B0 and B1 corrected phantom
images of known sodium concentrations to generate tissue sodium
concentration bioscales.
ruction and quantification processes for generating the tissue sodium concentration
ming the 1H and the 23Na coils have the same eddy current characteristics.
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3. Results

3.1. Timing error measurement

The measured timing delay errors for the sodium signal using
the sodium birdcage coil and the sodium TEM coil at three different
gradient strengths (2, 4 and 8 mT/m) on the X-, Y- and Z-axis are
tabulated in Table 1. The averaged measured timing errors with
the birdcage RF coil are: 0.0 ± 0.1, �1.7 ± 0.2 and 1.5 ± 0.1 ls on
the X-, Y- and Z-axis, respectively, while those with the TEM coils
are �8.7 ± 0.1, �11.4 ± 0.1, and �14.3 ± 0.2 ls, respectively. In both
cases, the gradient timing errors are anisotropic on the three axes.
The timing error values measured for the birdcage coil and the TEM
coil are significantly different, likely due to different eddy current
characteristics of the two coils. The birdcage coil is constructed
using thin narrow stripes of copper to minimize eddy currents.
The TEM coil is constructed with thick pieces of copper with a solid
end-plate that support eddy currents.

3.2. Impact of gradient timing error on quantification

The impact of the isotropic timing errors along the three phys-
ical axes on tissue sodium quantification is shown in Fig. 3. Fig. 3a
shows quantitative TSC maps generated with different delay times
between gradient and the ADC when the same gradient delay was
applied to all three axes. No significant anatomical distortion is
seen in these images. The TSC values in the center of the FOV were
underestimated when the ADC lagged the gradient waveform and
overestimated when the ADC preceded the gradient waveform. The
difference images in Fig. 3b clearly demonstrate lower TSC values
for negative timing errors and higher TSC values for positive timing
errors in the central brain region, while the opposite is observed at
the edge of the brain.

The spatial dependence of TSC quantification error due to the
timing mismatch for voxels on the horizontal line in the center
of the images in Fig. 3a can be clearly appreciated in Fig. 4a, where
the changes in TSC values for each voxel is plotted against the de-
lay times. Each curve corresponds to one spatial location as indi-
cated in Fig. 4b, a nearly linear relationship is observed in these
plots. Substantial quantification error (up to �40%) is seen with a
timing error of 16 ls along all three axes.

Fig. 5 demonstrates the impact on quantification of timing er-
rors for each of the three physical axes separately. As expected,
with the same timing error, the quantification errors are smaller
when timing error is only present on one of the axis as compared
to those in Fig. 3b. Quantification errors of up to 6 mmol/l tissue
are seen in Fig. 5a and b with a timing error of 16 ls along either
the X- or Y-axis, and the maximum quantification error in Fig. 5c
is 3 mmol/l tissue with the 16 ls timing error along the Z-axis.
The quantification errors are noticeably lower for a given timing
error present on the Z-axis. The sensitivity of the accuracy of quan-
Table 1
Measured gradient timing errors on three physical axes with different gr
the ADC starts before the physical gradient; while a positive td means

RF coil Gradient strength (mT/m)

Birdcage coil 2
4
8
Mean

TEM coil 2
4
8
Mean
tification to timing error on different axes is due to the flexTPI k-
space acquisition strategy, where the axis of cones is parallel to
Z-axis.

4. Discussion

The accuracy of quantifying the arbitrarily scaled magnitude so-
dium images into tissue sodium concentration bioscales depends
on many factors such as the T1 and T2 of sodium in biological tis-
sues, the accuracy of the sodium concentration in the calibration
phantom, B0 inhomogeneity, B1 inhomogeneity, imaging SNR
and the performance of the imaging hardware. Meaningful inter-
pretation of quantitative sodium images requires proper account-
ing of these factors. The relatively short T1 values (�30 ms) of
the sodium signal from brain tissue permits signal saturation to
be avoided by using TR values greater than 5T1. The short T2 re-
quires use of short TE values with radial acquisition strategies to
minimize signal loss. The impact of T2 signal loss on quantification
is further reduced by closely matching the T2s of the calibration
phantom to the average T2 values of brain parenchyma. The resid-
ual difference in T2 values between brain and the calibration phan-
tom signals results in a systematic quantification bias that can be
corrected with knowledge of the actual T2 values [28]. The uncer-
tainty in the sodium concentrations of the gels is less than 1% with
appropriate use of an accurate balance for solute weight measure-
ments and volumetric flasks for solution preparation. The linearity
of the calibration is verified by the high goodness of fit of the three-
point calibration curve. No assumption of linearity has been made
as would be required by a two-point calibration. The error from the
calibration curve is thus determined by the SNR of phantom imag-
ing which should be less than 1% as many (>100) voxels are aver-
aged after B0 and B1 correction for each of the three calibration
points. B0 inhomogeneity is often corrected by mapping the trans-
mit field. Recently, B1 inhomogeneity correction has also been
demonstrated to significantly improve quantitative sodium imag-
ing with a flexTPI readout gradient [9]. Gradient timing errors
are well known to introduce image blurring or distortion in quali-
tative proton imaging [17–20]. We have examined this error in our
sodium imaging studies [9,21], but the impact of these gradient
timing errors on the accuracy of quantification has not been previ-
ously reported. As shown in Fig. 3a, gradient timing errors do not
introduce significant anatomical distortion or image quality degra-
dation since quantitative sodium imaging is often performed with
relatively low acquisition bandwidth and limited spatial resolu-
tion. However, when the misregistration of gradient time and
ADC time is greater than 10 ls along all three axes, this error alone
has been shown to result in a TSC error of more than 20% when
using the 3D radial acquisition based pulse sequences when the
calibration curve was derived from vials located in the middle of
the FOV. Similar or even larger quantification errors are likely to
occur when the calibration curve is to be obtained from vials
adient strengths using two RF coils. A negative measured td means
the ADC starts after the physical gradient.

Measured timing error td (ls)

X Y Z

0.0 �1.6 1.5
0.0 �1.7 1.4
0.1 �1.9 1.5
0.0 ± 0.1 �1.7 ± 0.2 1.5 ± 0.1

�8.8 �11.3 �14.4
�8.7 �11.4 �14.1
�8.7 �11.4 �14.4
�8.7 ± 0.1 �11.4 ± 0.1 �14.3 ± 0.2



Fig. 3. (a) A representative section of sodium images of a human brain reconstructed with simulated delay times from�16 ls to 16 ls in 4 ls intervals from left to right on all
three axes. The horizontal color scale is the tissue sodium concentration scale of 0–150 mmol/l tissue. (b) The corresponding difference images obtained by subtracting the
original image from the images with different simulated delay times. The horizontal color scale is the difference in TSC in mmol/l tissue units.

Fig. 4. (a) TSC quantification error (percent) due to timing error (ls) for voxels (1–9) lying along the horizontal central line through the representative TSC bioscale in (b). The
locations of the voxels 1–9 are shown as magenta dots. The error is not uniform over the field of view.

Fig. 5. (a) Quantification error for the same section of a human brain as Fig. 4 but with the delay timing errors of �16 ls to 16 ls in 4 ls intervals from left to right now
played out along individual axes: (a) X-axis, (b) Y-axis and (c) Z-axis. The horizontal color scale is the TSC error with a range from –10 to +10 mmol/l tissue, while the vertical
color scale is the percentage quantification error by normalizing the absolute error to a typical TSC value of 30 mmol/l.
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located at the edge of the field of view [5], based on the signal
intensity variation pattern across the field of view when gradient
timing errors present. Therefore, pulse sequence timing must
be carefully measured and adjusted to achieve accurate TSC
measurement.

We have demonstrated that a simple, previously reported
method can be used to measure the gradient delay with high pre-
cision. This method requires as few as 6 TR intervals to calculate
the delay time for the three axes. The measured timing errors are
relatively stable over time but are RF coil dependent. Each timing
error can be measured with better than 1 ls precision as deter-
mined from repeated experiments and then corrected during data
acquisition to within 1 ls based on the ADC timing resolution of
our scanner. Residual timing errors after this correction can then
be further compensated during imaging reconstruction by interpo-
lating and shifting the k-space trajectories. This reduces the quan-
tification error due to timing error to less than 1 mmol/l tissue in
our simulations with a delay time of 1 ls. However, as the mea-
sured gradient timing errors are affected by eddy currents induced
by the gradient in both the gradient coil and the RF coil, this meth-
od only corrects for the non-zero phase responses of the analog and
digital filters, gradient hardware delays, and the average effect of
eddy currents due to gradient switching. Eddy current correction
by measuring the actual k-space trajectories is also needed if sig-
nificant short-term or long-term eddy currents exist [9,22].

Although the results presented here were obtained using the
flexTPI sequence, the same gradient timing error analysis and com-
pensation strategies also apply to other radial acquisition based se-
quences such as 3D radial acquisition and 3D Cones.

5. Conclusion

The gradient timing error, if not corrected, can be a significant
source of error in quantitative sodium imaging that will not be
manifested in distortions of image geometry. At least in the setting
of small eddy currents and small gradient strengths (i.e., twisted
projection imaging), the correction parameter to minimize this er-
ror can be measured with minimal time penalty. The measured
corrections can then be used both prospectively and retrospec-
tively to align the collected data and the corresponding k-space
trajectory to minimize this source of error in the TSC bioscale.
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