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Abstract
The nuclear magnetic resonance signal from sodium (23Na) nuclei demonstrates a fast bi-exponential T2 decay
in biological tissues (T2,short = 0.5-5 ms and T2,long = 10-30 ms). Hence, blurring observed in sodium images
acquired with center-out sequences is generally assumed to be dominated by signal attenuation at higher
k-space frequencies. Most of the studies in the field primarily focus on the impact of readout duration on
blurring but neglect the impact of resolution. In this paper, we examine the blurring effect of short T2 on
images at different resolutions. A series of simulations, as well as phantom and in vivo scans were performed
at varying resolutions and readout durations in order to evaluate progressive changes in image quality. We
demonstrate that, given a fixed readout duration, T2 decay produces distinct blurring effects at different
resolutions. Therefore, in addition to voxel size-dependent partial volume effects, the choice of resolution
adds additional T2-dependent blurring.

1 Introduction

Sodium (23Na) magnetic resonance imaging (MRI) can
be used to non-invasively study metabolic processes
and has potential for assessing early stages of neu-
rodegenerative diseases, as well as muscular chan-
nelopathies, cancer malignancy and therapy (1). Be-
cause of the relatively small concentration of sodium
ions (Na+) in human body (of the order of tens to hun-
dreds of mmol/L, or mM), even high-field sodium MRI
results in images with low resolution and low signal-
to-noise ratio (SNR). In addition, in many biological
tissues, such as gray matter (GM) and white matter
(WM) in brain, the 23Na MR signals undergo fast bi-
exponential transverse (T2) relaxation (T2,short = 0.5-5
ms and T2,long = 10-30 ms) (1, 2).

To capture as much signal as possible, ultra-short
echo time (UTE) pulse sequences with center-out tra-
jectories in k-space are often used in sodium MRI.
When using a center-out trajectory, the center of k-
space, corresponding to an overall image contrast is
filled first, and its outer parts, corresponding to high

spatial frequencies and image contours, are acquired
last. These sequences usually follow non-Cartesian
radial or spiral trajectories that must be reconstructed
using a non-uniform fast Fourier transform (NUFFT)
(3). Examples of sodium center-out sequences include
radial projections (RP) (4), twisted projection imaging
(TPI) (5), 3D cones (6), spiral trajectories (7), Fermat
looped orthogonally encoded trajectories (FLORET)
(8), and twisting radial lines (TWIRL) (9).

Higher k-space frequencies in center-out se-
quences suffer from signal attenuation (10) because
of the fast decay of short T2 components. Such T2-
induced signal attenuation is well studied in standard
proton (1H) MRI. In Cartesian trajectories, it is known
to cause blurring along the phase encoding direction
when using sequences with long echo trains (11) such
as FSE (12), HASTE (13), MPRAGE (14), or EPI (15). Be-
sides Cartesian trajectories, blurring due to signal at-
tenuation in 1H imaging was also reported for center-
out spiral EPI (16) and 3D radial trajectory used to
image short T2 components (17).

Because of the fast T2 relaxation of 23Na, it is com-
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Fig. 1. Signal T2 decay (magnitude amplitude from amax to alow) in k-space in case of a fixed readout duration (left panel)
and a fixed dwell time (right panel) for low and high resolutions, along the same center-out radial or spiral projection
(i.e., with the same gradient amplitude). As a reminder: kr(t) =

∫ t

0
γGr(τ)dτ , with kr(t) the position of the trajectory in

k-space related to spatial direction r at time point t, γ the gyromagnetic ratio of the nucleus of interest (in our case, 23Na has
γ = 7.0808493× 107 rad T-1 s-1), and Gr(t) the linear magnetic gradient in direction r at time point t. For example, in the
case of a simple radial center-out projection, readout duration T = N ·dw, with N the total number of data points acquired
along the projection with dwell time dw, such that k(t) = γGt, with t = n · dw and n = [1, N ], with G the amplitude of a
constant gradient, and kmax = γGT .

monly believed that blurring in sodium images is also
a result of signal attenuation and can be reduced us-
ing shorter readouts (18–23). However, short read-
outs lead to low SNR. Hence, an optimal readout du-
ration should be chosen to reach a balance between
SNR and blurring. Some density-adapted sampling
schemes were proposed for TPI (19) and RP (24) to re-
duce signal attenuation by performing more efficient
and uniform sampling. Nevertheless, mitigation of
T2-induced signal attenuation and blurring in 23Na
imaging is still an area of ongoing research.

Several studies evaluated the impact of different
types of trajectories used for 23Na MRI based on re-
sulting blurring, SNR and spatial resolution (9, 17, 19,
24, 25). Yet, they mostly explored the influence of sam-
pling schemes and variable readouts. Thus, currently,
readout duration is the parameter of choice when it
comes to optimizing sodium image quality and find-
ing a good balance between SNR and blurring.

Based on our own observations that led to the idea
of this paper, we suspected that the blurring effect
from fast T2 decay of the signal is different at different
resolutions and does not depend on readout dura-
tion alone but also on kmax (inverse of spatial reso-
lution). Even though, in reality, a 23Na nucleus un-
dergoes the same relaxation and emits the same sig-
nal regardless of the readout duration and resolution,

the information about its signal decay is stored in k-
space differently. Because kmax depends on the chosen
resolution of the image, the decay curve of a signal
acquired with a fixed readout duration will have the
same maximum and minimum, but will be stretched
out or squeezed down depending on the extent of the
k-space, as shown in Figure 1. We hypothesized that
this would result in different T2 blurring effects for
different resolutions. The shape of the signal’s curve
is preserved in the case of a fixed dwell time (i.e., time
required to acquire one k-space sample), but variable
readout duration, which results in the same T2 blur-
ring effect for all resolutions. However, selecting dwell
time as one of the key acquisition parameters is an
unpopular choice in practice.

To the best of our knowledge, no extensive analysis
has been conducted to explore the influence of dif-
ferent resolutions on blurring compared to readout
duration. Therefore, the purpose of this paper is to
explore how the choice of resolution impacts blurring
in comparison to readout duration in the context of
23Na brain MRI using a 2D radial center-out trajectory.
The paper presents both quantitative and qualitative
comparative evaluation of blurring related to these
parameters through a series of simulations and ac-
quisitions performed on a home-made "brain-like"
phantom and in brain in vivo.
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2 Material and Methods

2.1 Simulations

To quantitatively measure blurring, we proposed sev-
eral experiments conducted in simulations. In these
experiments, we simulated the T2 decay function and
2D radial central-out trajectory point spread function
(PSF), and their combination, when using different
acquisition parameters, namely resolution, readout
duration and dwell time. Relative amplitude and full
width at half maximum (FWHM) of the PSF were used
to compare these blurring functions.

2.1.1 Mono-exponential decay blurring function f

We decided to start out experiments by exploring the
blurring induced by mono-exponential decay as a
function of T2 and at different resolutions and readout
durations. In this way, a change can be observed for
a range of hypothetical tissues and scan settings. In
sodium MRI many tissues produce a bi-exponential
decay due to the magnetic properies of 23Na spin 3

2 ,
but it can be thought mathematically of as a superpo-
sition of two mono-exponential fits. Thus evaluating
a mono-exponential decay will help understand ex-
isting dependencies more easily. In (17), Rahmer et
al. proposed an analytical formula for T2 blurring
function f(r) corresponding to a 2D radial center-out
trajectory. We used it to simulate a blurring kernel
that, by convolving it with a true image of an object in
image space, would produce the blurring induced by
T2 decay. In this formula, shown in Eq. (1), variable
r denotes radius in spherical coordinates in image
space and Tread corresponds to readout duration:

f(r) =

2

(
T2

Tread

)2

1 +

(
rkmax

T2

Tread

)2
 3

2

(1)

The formula was computed for the following T2

values: 2, 4, 10, 20, 40, 60 ms, and the readout duration
was varied from 5 to 25 ms with a step of 5 ms. It was
also computed for ten resolutions with square pixels
of size 0.1, 0.2, 0.3, 0.4, 0.5, 1, 2, 3, 4, 5 mm. The
FWHM of f(r) was computed for all the combinations
(in mm), and its progression is shown for a selection
of parameters to support the analysis.

2.1.2 Bi-exponential decay blurring function f

To approach more realistic scan settings, such as bi-
exponential decay and lower resolutions (above 1×1
mm2), we performed the following set of simulations.

First, we adapted the formula from (17) to bi-
exponential decay with T2,short = 3 ms and T2,long = 22
ms with 60% and 40% signal proportion, respectively
(average values and proportions from the literature
(1, 2, 23)).

Secondly, we evaluated the blurring of f(r) from
bi-exponential decay in two cases: (1) a set of read-
out durations, and (2) a set of dwell times. Usually,
the readout duration is the parameter of choice to
optimize image quality in terms of SNR and blurring.
Because of the phenomenon shown in Figure 1, it is
hard to distinguish between individual contributions
of T2 and resolution to image blurring. That is why
selecting dwell time instead of readout duration can
help observe the resolution-invariant blurring effect
of short T2 decay.

In this simulation, four in-plane resolutions were
tested: 1×1 mm2, 2×2 mm2, 3×3 mm2, and 4×4 mm2

pixels. As in section 2.1.1, the readout duration varied
from 5 to 25 ms with a step of 5 ms. Dwell time was
varied from 200 to 1000 µs with a 200 µs step. The
comparison of signal’s relative amplitude and blurring
function’s FWHM was made for both cases.

2.1.3 Trajectory PSF

Sampling signal using a non-Cartesian trajectory re-
quires a NUFFT reconstruction (3). Discrete sampling,
possible angular undersampling, and gridding pro-
cess used in NUFFT lead to a modified PSF. To obtain
an image space representation (i.e., blurring kernel) of
trajectory’s PSF, we first filled a k-space of an appropri-
ate size (depending on the resolution) with a constant
value of ‘1’ along the radial projections, and then took
its inverse NUFFT. The operation was performed for
the same four resolutions as in section 2.1.2.

2.1.4 Combined blurring function B

We combined the bi-exponential decay function and
the trajectory’s PSF to obtain a final blurring func-
tion B. This was done by convolving the PSF kernel
of the trajectory by the computed bi-exponential de-
cay function f(r) in image space (B = PSF ∗ f ), which
corresponds to their multiplication in k-space. The
operation was performed for all the parameters stated
in section 2.1.1.
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Table 1. Number of spokes and dwell times (rounded to integers for display only) at different resolutions and readout
durations for the first experiment on phantom.

Readout duration 5 ms 10 ms 15 ms 20 ms 25 ms

Resolution Number of spokes

1×1 mm2 24,000 16,970 13,855 12,000 10,735

2×2 mm2 4,245 3,000 2,450 2,120 1,895

3×3 mm2 1,540 1,090 890 770 690

4×4 mm2 750 530 430 375 335

Resolution Dwell time

1×1 mm2 52 µs 104 µs 156 µs 208 µs 260 µs

2×2 mm2 104 µs 208 µs 313 µs 417 µs 521 µs

3×3 mm2 156 µs 313 µs 469 µs 625 µs 781 µs

4×4 mm2 208 µs 417 µs 625 µs 833 µs 104 µs

2.2 Phantom experiments
To empirically validate theoretical results of the simu-
lation and provide a visual comparison, we performed
two experiments on a home-made sodium phantom.

The first experiment, described in section 2.2.2,
placed the problem in a conventional context where
readout duration is considered to be the main param-
eter for (de)blurring optimization. In this experiment,
different combinations of resolutions and readout du-
rations were used to acquire images and display rela-
tive influence of both parameters.

The second experiment, described in section 2.2.3,
was designed to show the pure impact of resolution
on blurring: for all resolutions, images were acquired
with a same very short dwell time that limits the effect
of fast T2 decay related signal attenuation. All the ac-
quisitions were performed at 7 T (MAGNETOM scan-
ner, Siemens, Erlangen, Germany) using a 16-channel
Tx/Rx 1H/23Na coil developed in-house (26).

2.2.1 Phantom preparation and relaxation times

The phantom was designed to have Na+ concentra-
tions and relaxation properties similar to human brain.
It contained four compartments that, from the outside
to the inside, were designed to roughly imitate cere-
brospinal fluid (CSF) around the brain, gray matter
(GM), white matter (WM), and ventricles also contain-
ing CSF. Both CSF compartments were filled with a 140
mM NaCl solution, whereas the GM and WM compart-
ments were filled with 2% agar gels with 40 mM and
35 mM NaCl concentrations, respectively. The frame
for the phantom was 3D printed (Form 2, Formlabs,
Somerville, MA, USA) with 1 mm-thick walls separat-
ing the compartments.

To confirm that the phantom had appropriate re-
laxation properties, we performed 16 scans using a
FLORET sequence (8, 27) to measure T∗

2 values of the
phantom compartments. We used 3 hubs with 45◦ an-
gle, 100 interleaves, 60◦ flip angle, 256×256×256 mm3

field of view (FOV), 4×4×4 mm3 pixel size, 6 averages,
150 ms TR, and 16 different exponentially spaced TE
(0.1, 0.2, 0.5, 0.8, 1.2, 1.6, 2, 3, 5, 8, 12, 18, 25, 35, 50,
and 65 ms) with a total acquisition time of 144 s for
each scan. For each TE, we extracted three regions
of interest (one per compartment, where the two CSF
compartments were considered as one) from the axial
plane and computed their average signal magnitudes
normalized by the maximum image magnitude. Then,
a bi-exponential T∗

2 decay curve from Eq. (2) was fitted
to each compartment. The fit was performed in Mat-
lab using non-linear regression (nlinfit). In Eq. 2, Mxy

and t were known parameters corresponding to aver-
age signal magnitudes and TE respectively. The pa-
rameters to fit were T ∗

2,short and T ∗
2,long corresponding

to short and long transverse relaxation times, ashort
and along corresponding to their respective propor-
tions, with ashort + along = 1, and additive noise N :

Mxy = M0

(
ashorte

−t/T∗
2,short + alonge

−t/T∗
2,long

)
+N

(2)

2.2.2 First experiment: Variable readout duration

This experiment corresponded to simulations from
section 2.1.2, where both resolution and readout du-
rations were varied to observe their mutual impact on
phantom blurring. Here, we acquired sets of images
for four in-plane resolutions (1×1 mm2, 2×2 mm2,
3×3 mm2, and 4×4 mm2 pixels), and five readout du-
rations (5, 10, 15, 20, and 25 ms).
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Fig. 2. Representative examples of progression of the full width at half maximum (FWHM, in mm) of the mono-exponential
decay blurring function f(r) for different readout durations, resolutions (or kmax), and T2 values. See Section 2.1.1.

All the images were acquired using a 2D center-out
radial GRE sequence with the following parameters:
10 mm-thick axial slices, 192×192 mm2 FOV, 65 ms
TR, 0.7 ms TE, and 60◦ flip angle. The number of sam-
ples per readout were 96, 48, 32, or 24. The readout
duration was held constant, i.e., the dwell time was in-
creased with decreasing resolution. Given that shorter
dwell times and higher resolutions decrease the SNR,
we increased the number of spokes (which is similar
to averaging in this case) to insure a similar SNR was
maintained in all images. See details in Table 1.

2.2.3 Second experiment: Short dwell time

Experimentally, resolution-related blurring is difficult
to separate from blurring due to T2 decay. However, it
is possible to emphasize the effect of resolution itself
and minimize the effect of fast T2 decay. For this, we
acquired four sets of images (one per resolution) at
one fixed very short dwell time of 8.5 µs. The chosen
resolutions are the same as in the first experiment.

The same radial GRE sequence was used with
the following common parameters: 10 mm slices,
192×192 mm2 FOV, 15 ms TR, 0.8 ms TE, 45◦ flip an-
gle, and 5 averages. As before, the number of spokes
per acquisition was varied to maintain constant SNR.
From the highest resolution to the lowest, the num-

ber of samples was set to 96, 48, 32, and 24, which
corresponded to 816, 408, 272, and 204 µs readout
durations. The number of spokes was set to 24,000,
6,000, 2,667, and 1,500 respectively to accommodate
for change in voxel volume and maintain similar SNR.

2.3 In vivo brain experiment
Exploring the same range of acquisition parameters
in vivo would require impractically long scan times.
Therefore, we decided to limit ourselves to only one
readout duration and four resolutions, using the same
sequence as for the phantom scans. A readout dura-
tion of 15 ms was chosen as a good balance between
potential blurring and total scan time (i.e., number
of spokes) required to obtain a sufficient SNR. Other
acquisition parameters were identical to the ones pro-
vided in section 2.2.2, except that this time 2 aver-
ages were acquired for each resolution. The brain of a
healthy female volunteer was scanned for a total of 30
min, 5 min 18 s, 1 m 56 s, and 56 s for 1×1 mm2, 2×2
mm2, 3×3 mm2, and 4×4 mm2 resolutions, respec-
tively. The study was approved by our institutional
review board (IRB), and written informed consent was
obtained prior to examination. All the in vivo acquisi-
tions were also performed at 7 T using a 16-channel
Tx/Rx 1H/23Na coil (26).
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Fig. 3. Blurring functions: decay-related blurring functions f for different readout durations (row a), decay-related blurring
functions f for different dwell times (row b), combined blurring functions B = PSF ∗ f (convolution of decay-related
blurring functions and trajectory PSFs) for different readout durations (row c), and combined blurring functions B for
different dwell times (row d). Relative amplitudes were normalized by the highest amplitude in a row.

2.4 Reconstruction and B0 correction
The images from phantom and in vivo experiments
were reconstructed in MATLAB using the Fessler’s
NUFFT toolbox (3) for non-Cartesian data sampling.
No data filtering in k-space was performed prior to
reconstruction to avoid any added blurring.

Center-out radial acquisitions with long readout
durations are susceptible to additional blurring in-
duced by local B0 inhomogeneities. To mitigate these
effects, B0 maps were also acquired for all resolutions
to correct the phantom images for B0 inhomogeneity
using the method described described in (28). Using
this method, for each resolution, the off-resonance
values from its B0 map were divided into 50 equal in-
tervals. The intervals were transformed into a list of
values, where each list entry represented the smallest
value in the corresponding interval. For every value
in the list, an image was reconstructed from the sig-
nal corrected with the corresponding resonance offset.
To obtain the final image, every pixel was taken from
a reconstructed image corrected with the closest off-
resonance value.

3 Results

3.1 Simulations

3.1.1 Mono-exponential decay function f

Figure 2 shows the changes in FWHM of f through
5 readout durations (5, 10, 15, 20, and 25 ms), for 5
different T2 values (2, 4, 10, 20, 40, and 60 ms), and
a representative selection of 4 resolutions (0.2×0.2,
0.4×0.4, 2×2, and 4×4 mm2 pixel sizes).

We first observed that, at any given resolution: (1)
for the same readout duration, the FWHM of the blur-
ring function f increased when T2 shortened; and (2)
when readout durations increased, this FWHM be-
came wider faster when T2 shortened. For example,
for 1×1 mm2 pixels (not shown) and the shortest T2 (2
ms), the FWHM increased from 7.66 to 38.32 mm (by
a factor of about 5) throughout different readout du-
rations, while for longest T2 (60 ms), the FWHM only
increased from 1.26 to 1.45 mm (by a factor of about
1.15). For 2×2 mm2 pixels (shown) and the shortest T2

(2 ms), the FWHM increased from 15.33 to 76.64 mm
(also by a factor of about 5) throughout the different

6



Fig. 4. Relative amplitudes and full widths at half maximum (FWHM) for decay-related blurring functions f at variable
readout durations (a and c) and variable dwell times (b and d).

readout durations, while for the longest T2 (60 ms),
the FWHM only changed from 1.26 to 2.57 mm (by a
factor of about 2).

We also observed that the FWHM of the mono-
exponential decay blurring function f was always
larger for lower resolutions, and that at those lower res-
olutions, it drastically increased when readout dura-
tions increased in case of shorter T2. For example, for
the highest resolution (0.1×0.1 mm2) and the longest
T2 (60 ms), the FWHM was roughly 1.25 mm with a
change of less than 0.02% throughout the readout du-
rations, while for the shortest T2 (2 ms) it only doubled,
growing from 1.29 to 3.84 mm. On the contrary, for the
lowest resolution (5×5 mm2), the FWHM increased
from 1.45 to 6.39 mm (by a factor of about 4.4) for the
longest T2, and from 38.3 to 191.61 mm (by a factor
of about 5) for the shortest T2, when readout dura-
tions increased from 5 ms to 25 ms. Therefore, at the
longest readout duration (25 ms) and the shortest T2 (2
ms), the blurring effect was almost 50 times stronger
for 5×5 mm2 pixels compared to 0.1×0.1 mm2 pix-
els (FWHM ratio: 191.61/3.84 ∼ 49.90), while it was
only about 5 times stronger for the longest T2 = 60 ms
(FWHM ratio: 6.39/1.25 ∼ 5.11).

Finally, we observed an exponential-type curva-
ture of the FWHM increase when readout duration
increased at very high resolutions and longer T2,
whereas this FWHM increase became practically lin-
ear at low resolutions.

3.1.2 Bi-exponential decay function f

Figure 3.a presents decay functions in image space
for the different readout durations, while Figure 3.b
presents results for different dwell times. For all read-
out durations, the function was wider for lower reso-
lutions. For example, at 5 ms readout duration, the
FWHM for 1×1 mm2 pixels was 1.09 mm, while it was
2.94 mm for 4×4 mm2 pixels. At 25 ms readout dura-
tion, the FWHM was 3.58 mm and 14.28 mm for the
same resolutions, respectively. The function ampli-
tude was, however, the same for all resolutions at a
given readout duration, and decreased with the in-
crease of readout duration (Figure 4.a). Figure 4.b
presents results for different dwell times. In this case,
all functions had different amplitudes that decreased
with increased dwell time. Nevertheless, at a given
dwell time, the functions had the same width for each
resolution, which increased only with dwell time. For
each resolution at 200 µs and 1 ms dwell times, the
FWHM was 2.94 mm and 14.28 mm, respectively.

Figure 4.c depicts the blurring function’s FWHM
for different readout durations. Two main observa-
tions can be made: (1) low resolution at short readout
durations caused a comparable amount of blurring as
high resolution at long readout durations, and (2) the
blurring from long readout durations was intensified
by low resolution. However, Figure 4.d confirms our
previous hypothesis that blurring effect from T2 decay
actually depends on dwell time. Simulations with dif-
ferent readout durationss and resolutions while keep-

Fig. 5. Trajectory point spread functions (PSF) (a), their full widths at half maximum (FWHM) (b), and FWHM of the
combined blurring functions B in cases of variable readout duration (c) and variable dwell time (d).
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Fig. 6. Bi-exponential T∗
2 relaxation fitting from the multi-TE phantom data. See section 2.2.1 for details.

ing the dwell time fixed resulted in the same FWHM.
Nevertheless, the analytical formula used for the simu-
lation does not take into account any other resolution-
dependent effects that are not related to transverse
relaxation. That is why the FWHM appears to be the
same here but can be slightly different in reality due
to other resolution-related effects (see next section).

3.1.3 Trajectory PSF

Figure 5.a-b shows the results from PSF simulations
for a 2D radial trajectory. PSFs have the same am-
plitude at any resolution, and FWHM∼1.4 mm only
changes by 0.01 mm from one resolution to another,
demonstrating that a 2D radial trajectory introduces
only a some small amount of blurring regardless of
the chosen resolution.

3.1.4 Combined blurring function B

Figure 3.c-d and Figure 5.c-d show the combined ef-
fect of decay-related blurring function f and radial
trajectory PSF. In the case of variable readout duration
(Figure 3.c and Figure 5.c), the radial trajectory had
a significant impact on blurring only at short readout
durations (up to 24% increase in FWHM), whereas its
effect was wiped out at longer readout durations (less
than 1% change in FWHM compared to decay-related
blurring functions only). In the case of variable dwell
time (Figure 3.d and Figure 5.d), an insignificant dif-
ference in FWHM is observable between resolutions
(less than 2% and 3% for the shortest and longest dwell
times, respectively).

3.2 Phantom experiments

3.2.1 Phantom relaxation times

The results of T∗
2 fitting (see section 2.2.1) are shown

in Figure 6. The transverse relaxation in CSF followed
a mono-exponential decay with T ∗

2,short = T ∗
2,long =

54.5 ms. The T∗
2 relaxation in the GM and WM com-

partments followed a bi-exponential decay. For the
GM compartment, T ∗

2,short = 4 ms and T ∗
2,long = 26.4

ms with ashort = 55.7% and along = 44.3%, while
for the WM compartment, T ∗

2,short = 3.9 ms and
T ∗
2,long = 22.1 ms with ashort = 57.4% and along =

42.6%. These values align with values reported in the
literature (1, 2).

3.2.2 First experiment: Variable readout duration

Figure 7 shows the results of the first phantom exper-
iment and displays the images with columns corre-
sponding to 4 in-plane resolutions and rows to differ-
ent readout durations from 5 to 25 ms. For the highest
resolution (1×1 mm2), no significant signs of blurring
were visible when using a 5 ms readout duration: the
image appeared sharp and the walls between the com-
partments were clearly visible. At longer readout dura-
tions, the blurring effect slowly started to manifest it-
self, as can be noticed in the interface of CSF/GM and
CSF/WM compartments. At 20 ms and 25 ms readout
durations, these regions became blurrier, as well as
the edge between the outer CSF compartment and the
air. The border between the GM and WM compart-
ments started to fade as well, and the compartment
wall was no longer perceivable. Similar transforma-
tions took place at 2×2 mm2 resolution but happened
"faster" (at shorter readout durations).
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At lower resolutions of 3×3 and 4×4 mm2, a visible
blurring effect was already present when using a 5 ms
readout duration, e.g., the border between GM and
WM compartments was barely visible. When using a
25 ms readout, the blurring deformed the shape of the
phantom’s central compartment imitating ventricles.
The blurring effect was stronger at lower resolutions
because the signals from two different compartments
were mixed. In contrast, border at the outer surface,
interfacing with air, remained more clear. In addition
to blurring, low resolution images also exhibited Gibbs
artifacts that degraded image quality even further.

Overall, these images demonstrated that at lower
resolutions, the blurring effect was exacerbated and
became more prevalent with the increase of readout
duration in accordance with the simulation results.

3.2.3 Second experiment: Short dwell time

Results of second experiment are displayed in Fig-
ure 8. Even at very short readout durations (< 1
ms), where the effect of fast T2 decay was much less
prominent, the images look very different at differ-
ent resolutions. As expected, the highest-resolution
images showed sharp edges and clean curves, while
low-resolution images appeared pixelated with fuzzy
edges between the phantom compartments, and
strong Gibbs artifacts.

3.3 In vivo experiment
Figure 9 shows the in vivo results. The scan with the
highest resolution yielded a sharp brain image with
a great amount of detail. Although no clear border
between WM and GM could be observed, the CSF in
the ventricles and outer parts of the brain was well
defined. As expected, with the reduction of resolution
(increased pixel size), the images became much blur-
rier, and the border between WM/GM and CSF faded
away at lower resolutions. The decay in all tissues and
fluids lead to strong blurring. In particular, the inten-
sified CSF blurring resulted in increased brightness in
WM and GM.

4 Discussion
The most important observation is that short T2 blur-
ring at longer readout durations is strongly exacer-
bated by low resolution (low kmax), while it is much
less severe at long readout durations but high resolu-
tion (high kmax). As expected, the combined blurring
function became wider with the increase of readout

duration, however the rate of its widening was smaller
for higher resolutions.

Low resolution images exhibit other types of blur-
ring independent of fast transverse decay. The most
plausible explanation is that this blurring was the re-
sult of partial volume effect, when one voxel contains
nuclei with different spin dynamics, originating from
different tissues. For example, tissue fractions with
long T2 will dominate later in the readout, thus weight-
ing the details in those voxels towards the long T2 com-
ponents, even if these only constitute a tiny fraction
of the voxel.

Gradient non-linearity and eddy current effects can
also induce blurring in non-Cartesian acquisitions
(29). In each of our experiments, the same radial tra-
jectory was used. Therefore, the only difference was
the amplitude of the readout gradient. Ramping up to
larger gradient amplitudes could lead to minor differ-
ences. Nevertheless, these effects are expected to be
smaller for radial than for spiral like trajectories that
continuously modulate the gradient amplitudes.

Therefore, the hypothesis that visible blurring in
sodium images is mainly caused by fast T2 decay and
long readouts appears to be incomplete. It is true in
case of high-resolution imaging and long readout ac-
quisitions. However, in practical settings, when most
sodium scans are performed at low resolution, the mix
of two effects leads to an even stronger blurring effect.
Therefore, the choice of resolution should be given a
higher importance when aiming to resolve structural
details in sodium images.

Besides increased blurring effect from fast signal
decay, low resolution has two other problems: Gibbs
ringing and partial volume effects. As our phantom
has sharp boundaries between compartments, the
Gibbs rings stand out much more than in vivo. Al-
though the brain has more subtile contours and in-
terlacement of GM and WM, Gibbs ringing could still
contribute to obfuscate tissue boundaries. Some so-
lutions were proposed to reduce this Gibbs ringing in
diffusion MRI (30), as well sodium MRI (31). Yet, most
commonly, simple post-acquisition Hanning or Ham-
ming filters are used, adding even more blurring. Fur-
thermore, eliminating partial volume effects is still an
open-ended question. Both can be avoided by scan-
ning at high resolution, but at the expense of longer
acquisition times (more averages) to compensate for
the loss of SNR.

Indeed, although our experiments show that high
resolution scans yield sharper images with reduced T2
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blurring and less artifacts, low SNR becomes a vexed
problem. A larger number of spokes (or averages)
can provide higher SNR but lead to impractical scan
times in vivo. Many groups prefer to perform a true
3D acquisition that intrinsically provides a slightly
better SNR. However, there are potentially more ef-
fective solutions. For example, compressed sensing
(32, 33) can be used as a denoising method leveraging
non-sparsity of the noise. Simultaneous acquisition
of multinuclear 1H/23Na MR data (34, 35) in combina-
tion with joined reconstruction techniques, such as
those used in PET/MRI (36), could also be a path to-
wards high resolution sodium images. Other promis-
ing solutions are machine learning based denoising
(37, 38) and super-resolution (39, 40).

Previously, a major part of 23Na MRI research was
ultimately focused on shortening TE (4, 5, 7, 9, 17, 18)
to increase SNR and/or shortening readout durations
(19, 41) to reduce T2 decay-induced blurring without
compromising SNR. While this led to considerable
improvements, blurring remains a challenge. We hope
that our study helps to better understand the nature
of short T2 blurring in sodium images and encourage
efforts to increase resolution despite SNR challenges.

5 Conclusion
In conclusion, in this paper, we refined the common
hypothesis that blurring in sodium MRI is mainly
caused by T2 decay. In particular, we demonstrated
that low resolutions strongly exacerbate the effect of
T2 blurring. Therefore, despite its low SNR penalty,
aiming for higher resolution sodium images is still ex-
pected to help resolve more detailed structures and
allow more accurate measurements on quantitative
data by strongly reducing partial volume effects due
to short T2 blurring.
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Fig. 7. Phantom sodium MRI scans performed at different in-plane resolutions (columns) and readout durations (rows).
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Fig. 8. Phantom sodium MRI scans performed at different in-plane resolutions and a same short dwell time.

Fig. 9. In vivo sodium MRI scans performed with a 15 ms readout duration at four different resolutions.
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