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Introduction

lons such as sodium (Na*), potassium (K*) and chlorine (CI)
play a vital role in many cellular processes. Healthy tissue
contains very little extracellular K* ([K*]_ = 2.5-3.5 mM)
but a large amount of intracellular K* ([K*], = 140 mM).

The Na* gradient is reversed and a little less pronounced
([Na*], = 10-15 mM; [Na*]_= 145 mM). ClI is the most
abundant anion in the human body.

Cellular exchange processes, such as the Na*/K*-ATPase
pump [1] maintain chemical and electrical gradients across
the cell membrane — essential for regulating cell volume,
energy production and consumption, as well as excitation
of muscle or neuronal cells. Independent of its origin, loss
of ATPase function leads to breakdown of the resting trans-
membrane potential difference, and finally to cell death
as well as increase of the extracellular volume fraction.

As a result, changes in ion homeostasis can be early
markers for many disease processes [2], and MRI can reveal
such changes non-invasively. Nuclei other than "H are de-
noted X-nuclei and among them sodium (3Na) provides
the best properties for in vivo MRI. 2Na MRI has been per-
formed since the 1980s, even at low field strengths [3],
and it is established as a non-invasive technique in clinical
research [4, 5]. Numerous studies on sodium MRI have
promised new metabolic information for many diseases
such as stroke [6, 7], tumors [8], and multiple sclerosis
[9, 10], epilepsy [11], osteoarthritis [12], diabetes [13],
hypertension [14], muscular dystrophies [15], and
muscular channelopathies [16].

However, X-nuclei imaging is challenging for several rea-
sons. First of all, the signal-to-noise ratio (SNR) is several
orders of magnitude lower compared to proton ("H) MRI.

In most situations relevant for human imaging, noise is
dominated by the sample. And for low frequencies, which
is usually the case for X-nuclei MRI, a linear noise model
can be assumed. In this case, the SNR depends on the
concentration c, the magnetic spin moment | and the gyro-
magnetic ratio y of the nucleus as given in Equation 1 [17]:

Equation 1
SNRe<c-1(1+1)-Yy?

Due to the intrinsically reduced NMR sensitivity, which
results from the lower gyromagnetic ratio and the low
in vivo concentrations of X-nuclei, compared to 'H, their
SNR is considerably lower (see Table 1). To achieve suffi-
cient SNR for imaging, large voxel volumes are required.
In addition, long acquisition times and ultra-high magnetic
field strengths (B, = 7T) both increase SNR.

Depending on the noise model, the SNR shows at least
a linear increase with the main magnetic field strength B,
[17] (see Figure 1A-C). MRI at field strengths of 7 Tesla and
above enable imaging of nuclei such as *>Cl and *K that
have even lower SNR than 2*Na (see Table 1). Due to its low
SNR, 3°K MRI was not considered to be practical in a clinical
setting for many years [24]. This changed with the advent
of ultra-high field (UHF) MR systems, and the feasibility of
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3Cl and 3°K MRI has been shown using 7T and 9.4T UHF
systems [22, 23, 25]. Even the feasibility of cardiac 3K MRI
has now been demonstrated [26]. As an investigation of
the in vivo ion homeostasis in healthy and pathological tis-
sue by non-invasive MRI quantification is of high medical
interest, further advancements of these methods are high-
ly desirable. For this purpose, UHF systems with approval
as a medical device such as MAGNETOM Terra, which first
entered the market in 2017, are of great importance.

Furthermore, X-nuclei with a spin I > 1/2 (e.g., #Na,
3K) generally experience very rapid relaxation. Therefore,
acquisition techniques enabling ultra-short echo times
such as density-adapted projection reconstruction [27] or
twisted projection imaging [28] are essential for efficient
imaging of fast relaxing nuclei [29].
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Sodium MRI using a 32-channel
phased array head coil

The following measurements were performed with a
MAGNETOM Terra 7T MR system (Siemens Healthcare,
Erlangen, Germany) using a dual tuned proton/sodium
("H/=Na) birdcage head coil (RAPID Biomedical, Rimpar,
Germany) with 32 additionally integrated receive-only
elements for 22Na MRI. All #Na images were acquired using
a density adapted 3D radial projection pulse sequence [27]
(TRITE =120 ms/0.3 ms, FA=90°, T, = 9.98 ms,
T,o=14:00 min, (2.5 mm)3 nominal isotropic resolution).
In addition to providing higher static magnetic fields,
phased array coils can further increase SNR compared with
volume coils (see Figure 1C, D and Figure 2A, B) because
they consist of many small receiver elements [30-32].

7T (birdcage)

7T (phased array)

n 2Na MR brain images acquired at 1.5T (1A), 3T (1B) and 7T (1C, D) using a density adapted 3D radial projection pulse sequence. At 7T, one
image was acquired using a birdcage volume coil (1C) and one image using a 32-channel phased array coil (1D). All data sets have a nominal
isotropic resolution of (4 mm)3. The SNR increases with magnetic field strength and the phased array coil yields higher SNR than the birdcage
coil. Parameters: TE (1.5Tand 3T) =0.2 ms, TE (7T) =0.5ms, TR=50ms, FA=77° T _=5ms, T, =10:50 min.

) LY Ye)

Nucleus Spin | el clﬁziec:tlr;nti‘:::c 12 [MHz/T] el 6 e
p Abundance [%] [moliL] Y SNR? [%]

H 112 99.99 79° 42.58 100

2>Na 312 100 0.041/0.3¢ 11.27 1.8-102/1.3-10"

3¢l 312 75.78 0.027¢ 4.18 2.2-10°

K 3/2 93 0.108¢ 1.99 1.6-103

Table 1: Physical properties of selected X-nuclei and 'H for comparison [17, 18].

3SNR values derived from Equation [1]

"Derived from measured water content (71%) of brain white matter [19]

‘Measured #Na concentration of healthy brain white matter [20] and healthy articular cartilage [21]
(highest 2Na content among all tissues)

dMeasured 3Cl concentration of healthy brain white matter [22]

eMeasured 3°K concentration of skeletal muscle tissue [23]
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However, phased array coils are only rarely used in 2*Na
MRI, most likely due to the more complex coil design and
the need to correct for the receive profile enabling Na
quantification. The latter can be addressed by optimized
intensity correction methods [33].

The signal measured using the phased array coil is
corrected with the receive profile of the phased array coil
to obtain the real magnetization of the object. In order to
determine the receive profile, a homogeneous reference
image is acquired, for example via the integrated birdcage
coil. A 3D sensitivity map can be obtained by dividing
the low-pass filtered phased array image (which may be
reconstructed via adaptive combination reconstruction
[34, 35]) by the low-pass filtered reference image. Under
the assumption of negligible noise, dividing the phased
array image by the sensitivity map yields the intensity
corrected image.

Neurology - Research

As the correction via a birdcage reference image requires
additional acquisition time, a different approach using

a universal sensitivity map has been evaluated [33]. The
universal sensitivity map was determined by averaging
individually calculated receive profiles of eight volunteers,
obtained following the procedure described above.

Both approaches were applied to correct the receive
profile of *Na in vivo measurements of the human brain,
and validated by calculating of an averaged signal
intensity ratio between the outer and inner CSF compart-
ment (CSF_:CSF, ) after performing a partial volume
correction [20]. Both methods correct the intensity of the
lateral ventricles in the center of the brain, which is most
affected by the inhomogeneous receive profile (see Figure
3 for example data on one volunteer). No remaining inten-
sity modulations are apparent in the ratios between the
homogeneous birdcage image and the corrected phased
array images. Furthermore, the signal intensities for the
outer and inner CSF compartment converge. Averaged over
the results of eight examined subjects, the ratio CSF_ :CSF_
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Representative intensity correction of a measured 2Na MRI in vivo data, using a birdcage image (2C) and a universal sensitivity map (2D).
The ratio between the uncorrected phased array image (2B) and the birdcage image (2A) indicates an intensity modulation due to the
inhomogeneous receive profile (2E). For the corrected phased array images (2C, D) the ratios (2F, G) indicate a good performance of the

applied correction methods.
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for the uncorrected phased array image is 1.71 due to
underestimation of the signal intensity in the center of the
brain. For the birdcage image the averaged ratio is 0.89.
After applying the intensity correction using a birdcage
image, an averaged ratio of 1.00 is obtained. Using the
universal sensitivity map instead of the individual
birdcage image results in an averaged ratio of 1.05 [33].
So the method utilizing a birdcage image performs
better but requires considerably longer acquisition time
[33], while the universal sensitivity map performs only
slightly worse. As there only seems to be a small subject
dependency of the coil sensitivities, even a low number
of averaged in vivo datasets should be sufficient to
determine the universal sensitivity map (here n = 8).
Figure 3 shows an intensity-corrected 2Na MRI dataset
(using the universal sensitivity map) of a glioblastoma
patient. The intensity of the right lateral ventricle in the
center of the brain is increased in the corrected phased
array image as compared to the uncorrected phased array
image, and comparable to the intensity in the outer CSF
compartment (see Figure 3A). In Figure 3B concentration

corrected via
universal sens. map

uncorrected
phased array image

160

140

N
N
o

3Na concentration [mM]

2Na MRI of a glioblastoma patient using a 32-channel phased
array head coil and intensity correction via a universal sensitivity
map (spatial resolution: isotropic (2.5 mm)3, Tpq = 14:00 min).
The region of the tumor shows higher sodium concentration.
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maps of different slices are shown. The concentration
values were normalized to 145 mM in the CSF of the
ventricles, which were used as internal reference.

Iterative reconstruction

As mentioned above, the low SNR of 22Na MRI results in
low spatial resolution and long acquisition time. One

way to counteract this is Compressed Sensing (CS) image
reconstruction. The 3D radial trajectory used for 22Na MRI is
well suited for CS, since resulting undersampling artifacts
appear noise-like. On the other hand, the inherent low SNR
in the data is not ideal for CS approaches. One way to get
the most out of 2Na MRI reconstructions is to undersample
the radial data and invest the time gained into averaging
[36]. Figure 4 shows the standard reconstruction (NUFFT)
and the Dictionary Learning CS reconstruction (3D-DLCS)
of 22Na MRI volunteer data, with a nominal resolution of

2 mm isotropic. The data are 10-fold undersampled and
10-fold averaged.

n Reconstructions of 10-fold undersampled and 10-fold averaged
ZNa MRI data with a nominal resolution of 2 mm isotropic. While
the NUFFT reconstruction (4A) displays strong noise contamina-
tion, image noise is markedly reduced in the 3D-DLCS reconstruc-
tion (4B).
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Combined 2Na/*K MRI
of human skeletal muscle

Due to the inverse Na* and K* ion distribution between the
intracellular and extracellular spaces, a combined determi-
nation of their tissue concentrations using 2Na and 3°K MRI
might give interesting insights into the physiology. While
alterations in tissue sodium content (TSC) have been exam-
ined in various diseases using 22Na MRI [14, 15, 37-39],

in clinical practice, K* concentrations are currently only
determined using extracellular body fluids such as blood
samples. However, changes in total K* content in the
human body are mainly buffered in the intracellular space
[40], so a direct detection of tissue potassium content
(TPC) using **K MRI might be beneficial.

For combined 2*Na/**K MRI, we used a dual tuned,
circular polarized #Na/*K calf coil' with inner diameter of
20 cm (Rapid Biomedical, Rimpar, Germany). With this coil,
imaging of both nuclei can be realized without reposition-
ing the leg. However, no 'H channel is included for the
acquisition of anatomical images. Moreover, B, shimming
in X-nuclei imaging is usually performed using the 'H chan-
nel of a dual tuned (e.g., 2Na/'H) coil, or using a 'H body
coil. If no "H channel is available, B, shimming cannot be
performed using vendor-provided B, shimming techniques
as they are generally based on B, maps acquired by "H MRI.
As a homogeneous B field is indispensable, especially for
quantitative measurements [41], a custom B shimming
routine based on 2Na MRI data was implemented [42].

To verify this shimming approach, we compared its perfor-
mance with conventional vendor-provided 'H MRI based
B, shimming routines, and used the double resonant
32-channel 22Na/'H head coil (Rapid Biomedical, Rimpar,
Germany) described above.

#Na B, maps are acquired using a double-echo 3D
density-adapted radial readout (DA-3D-RAD) scheme [27].
Shim values are calculated using the constrained regu-
larized pseudo-inversion approach (ConsTru) proposed
by Nassirpour et al. [43]. The volume of interest to be
shimmed is defined by a three-dimensional mask calcu-
lated by thresholding based on the magnitude image
corresponding to the first echo. Reconstruction and post-
processing of the radial datasets, as well as shim value
calculation, are performed on the host computer of the MR
system using MATLAB (TheMathworks, Natick, MA, USA).

B, shimming of the human head was performed both
based on #Na MRI and using the vendor-provided "H MRI
based GRE Brain shimming routine. For better comparabili-
ty, only one iteration of shimming was performed each for
the ConsTru and the GRE Brain shim in all measurements.
Additionally, the acquisition duration of the 2Na images
used for the shim value calculation was chosen to match
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B, homogeneity in the human brain using: system default shim
settings (denoted as Tune Up shim settings) (5A), shim values
calculated by the vendor-provided 'H GRE Brain shim (5B)
implemented 2Na MRI based ConsTru shim (5C). The last two
routines show similar resulting B homogeneity with a reduction
of the B, variations over the entire volume of interest by 67%
(GRE Brain shim) and 65% (**Na ConsTru). Similar data can be
found in Gast et al. [42].

the acquisition duration of the GRE Brain shimming B,
map acquisition (N, = 300). The resulting B, homogeneity
is shown in Figure 5. Over six examined volunteers, we
observed a very similar performance of both shimming
routines with a mean reduction of the B, variations ¢ by
53 = 7% (*H GRE Brain) and 52 + 7% (?*Na ConsTru) over
the entire head volume. Therefore, we conclude that B,
shimming based on 2*Na MRl is feasible in clinically accept-
able acquisition durations with satisfactory outcome.

For quantitative 22Na and **K imaging, human lower
legs are positioned on a five-compartment reference
tube holder filled with different combinations of NaCl
and K,HPO, solution, corresponding to different Na*
(10-40 mM) and K* (120-240 mM) concentrations.
K,HPO, solution has lower electrical conductivity than
KCl solution, and is therefore expected to produce fewer
image artifacts. Images are acquired using an acquisition-
weighted stack-of-stars (AW-SOS) scheme [44]. Parameters
(#Nal*?K): TR = 120/40 ms, TE = 0.3/0.4 ms, T,, = 10/5 ms,
FA = 90°, rectangular excitation pulse of 500 ms duration,

The information shown herein refers to products of 3" party manufacturer’s and thus are in their regulatory responsibility.

Please contact the 3 party manufacturer for further information.
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ZNa MRI

Concentration [mM]
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E Exemplary #Na and *K
concentration maps of
healthy human lower
leg calculated from #Na
and 3K MRI datasets.
Concentration
calibration was
performed by a linear
regression, based on
the signal intensity
within the reference
compartments
containing NaCl and
K,HPO, solution.
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nominal spatial resolution Ax=2.5x2.5x 10 mm?/
7.5x 7.5 x30 mm?3, averages = 1/4, total acquisition
time T,, = 10:54 / 8:06 min.

Concentration calibration is performed by linear
regression of the #Na and 3°K signal intensities within the
reference compartments to their nominal concentrations.

Resulting 22Na and K concentration maps of healthy lower

leg are shown in Figure 6. However, for precise quantifi-
cation of Na* and K* concentrations based on Na and ¥*K
images, several signal corrections are required. For 3K
especially, low image resolution leads to a strong partial
volume effect. Moreover, muscle tissue has significantly
shorter T2* and T1 relaxation times than the reference
solutions both for 2Na and *K, so a relaxation correction
is needed.

So far, ¥K concentration maps have been acquired
only for healthy muscle tissue. However, examining
potassium concentrations would be of interest in various
diseases, for example renal impairment and muscular

diseases, to help reveal underlying physiological processes.

Conclusion

Introducing clinically approved UHF scanners such as
MAGNETOM Terra, together with suitable RF coils and
sequences, was an important step for X-nuclei imaging,
which benefits from the increased SNR and resultant
higher spatial resolution or shorter acquisition time. This
paves the way for 2Na MRI to move from research into
clinical applications. Tissue sodium concentration might
evolve into a useful biomarker for a large variety of diseas-
es such as kidney diseases [45], muscular diseases [46],
and neurodegeneration [9]. Moreover, MRI of other nuclei

such as 3°K becomes possible in a clinical environment with

feasible measurement times. Compared with morphologi-
cal "H MR, these nuclei provide additional information

that will provide insights into many physiologically relevant

processes, resulting in various potential clinical research
applications.
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