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Abstract

Objective: Skin-sodium storage, as a physiologically important regulatory mechanism for
blood pressure, volume regulation, and indeed survival, has recently been rediscovered. This
prompted the development of MRI methods to assess sodium storage in humans (*Na-MRI)
at 3.0 Tesla. This work examines the feasibility of high in-plane spatial resolution »Na MRI

in skin at 7.0 T.

Methods: A two-channel transceiver RF coil array tailored for skin MRI at 7.0 T (f=78.5
MHz) is proposed. Specific absorption rate (SAR) simulations and a thorough assessment of
RF power deposition were performed to meet the safety requirements. Human skin was
examined in an in vivo feasibility study using 2D gradient echo imaging. Normal male adult
volunteers (n=17, mean + SD = 46 + 18 years, range: 20-79 years) were investigated.
Transverse slices of the calf were imaged with »Na MRI using a high in-plane resolution of
(0.9 x 0.9) mm®. Skin Na* content was determined using external agarose standards covering
a physiological-range of Na* concentrations. To assess the intra-subject reproducibility, each
volunteer was examined three to five times with each session including a 5 min walk and
repositioning/preparation of the subject. Age-dependence of skin Na® content was

investigated.

Results: The *’Na RF coil provides improved sensitivity within a range of 1 cm from its
surface versus a volume RF coil which facilitates high in-plane spatial resolution imaging of
human skin. Intra-subject variability of human skin sodium content in the volunteer
population was <10.3%. An age-dependent increase in skin Na* content was observed, r =

0.78).
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Conclusions Assigning sodium stores with 2Na-MRI techniques could be improved at 7.0 T
compared to current 3.0 T technology. The benefits of such improvements would be in
positive alignment with basic research and clinical applications that are designed to unlock

questions regarding Na* balance and Na* storage function of skin.

Key words: magnetic resonance imaging; ultrahigh field magnetic resonance; radio

frequency coil; salt; sodium; skin; hypertension; salt balance
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Graphical Abstract

Skin sodium measured with ’Na magnetic resonance imaging at 7.0 Tesla

Peter Linz, PhD 1; Davide Santoro, PhD 2; Wolfgang Renz, PhD 3 ; Jan Rieger, MSc 2; Anjuli
Ruehle, MSc 2; Jan Ruff, PhD 3; Michael Deimling, PhD 3 ; Natalia Rakova, MD 5; Dominik
N. Muller, PhD 5’6; Friedrich C. Luft, MD 3 ; Jens Titze, MD l’7; and Thoralf Niendorf, PhD 2

Short abstract

This work demonstrates the feasibility of sub-millimeter in-plane spatial resolution »Na MRI
in skin at clinically acceptable acquisition times at 7.0 T. Intra-subject variability of human
skin sodium content in the volunteer population was <10.3%. An age-dependent increase in
skin Na* content was observed (r = 0.78). Assigning sodium stores with “Na-MRI techniques

could be improved at 7.0 T compared to current 3.0 T technology.
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Introduction

Cardiovascular disease is the most common cause of death worldwide and hypertension
(high blood pressure) is the primary risk factor (1). A reduced salt intake has been moved to
be the primary adjustable behavior-related variable that should be adapted by every society
worldwide (2). Over 100 years ago, Wahlgren found that the skin is a major storage depot for
NaCl (3). This information was subsequently largely forgotten as clinical research focused on
Na* regulation with regards to extracellular fluid volume in terms of a two-compartment
model ultimately determined by renal function (4). Ivanova et al. pointed out that the skin has
a Na'-depositing function; however, their paper was published in Russian and was not widely
appreciated (5). Ashing and atomic absorption spectrometry demonstrated that the skin is an
active Na* depot in which Na* is also bound to glycosaminoglycans in an osmotically inactive
fraction (6,7). It was subsequently observed that monocyte phagocytic system (MPS) cells
regulate this storage depot in response to a local hypertonic microenvironment (8). MPS cells
harbor the tonicity-responsive-enhance binding protein (TonEBP; NFATS5) and signal lymph-
capillary density via vascular endothelial growth factor-C (VEGF-C). An increase in lymph-
capillary density enables Na® clearance from the skin and interference with this process
results in salt-sensitive hypertension (9).

Sodium magnetic resonance imaging (**Na MRI) constitutes a valuable approach for in
vivo measurement of tissue Na* concentrations (10,11). We have developed Na-MRI as a
method to non-invasively study the Na® skin depot in normal and hypertensive humans
(12,13). We calibrated the method with human tissue that was then ashed and measured with
atomic absorption spectrometry (12). We have shown that the proposed 3.0 T approach has

clinical utility (12-14).



Realizing the intrinsic sensitivity gain at higher magnetic field strengths (15-24), *’Na
MRI at Bo=7.0 T is conceptually appealing to enhance spatial resolution. We reasoned that at
7.0 T, the capabilities to assess Na+ in skin would provide more precision in estimating skin
Na® content. For this reason this study examines the feasibility of high in-plane spatial
resolution ’Na MRI in skin at 7.0 T using clinically acceptable acquisition times. To meet
this goal we propose a local two-element transceiver RF surface coil that is customized for
skin imaging at 7.0 T. Phantom experiments are performed to carefully assess the
transmission field performance of the proposed transceiver RF coil an to examine the
sensitivity of the proposed 7.0 T configuration versus a 3.0 T setup. The applicability of the
proposed approach for high in-plane spatial resolution »Na MRI of the skin at 7.0 T is
presented and its suitability for assessment of sodium skin content is demonstrated in initial
volunteer studies, as a precursor to broader clinical studies. Intra-subject variability is
examined in healthy male volunteers before extra variances due to gender or
pathophysiological conditions are introduced. Age dependent differences in skin Na® content

are presented.



Experimental

RF coil design

To balance the competing constraints of element size, number of elements, anatomical
coverage, RF depth penetration and B;" efficiency a »Na transmit/receive (TX/RX) surface
coil (f=78.5 MHz) was developed for assessment of skin sodium content. The planar RF coil
design comprises two loop elements each with an outer loop size of 70 mm x 64 mm and a
conductor width of 12 mm as outlined in Figure 1A. The small element and RF coil size and
the low resonance frequency of 78.5 MHz did not require the use of an RF shield. The
structure shown in Figure 1A was etched from 16 pm copper on 0.5 mm FR4 substrate. Non-
magnetic ceramic capacitors (American Technical Ceramics Inc., Huntington Station, NY,
USA) and non-magnetic trimmer capacitors (Voltronics Inc., Denville, NJ, USA) were used
for tuning, matching and subdividing the conductor loops into sections. The loop elements
were decoupled via a shared capacitor using a non-magnetic trimmer capacitor (Voltronics
Inc., Denville, NJ, USA).

The RF coil casing (Ilength: 160 mm, width: 125 mm: height: 28mm) is shown in
Figure 1B. The casing accommodates the loop elements and was designed in Autodesk
Inventor Professional 2012 (Autodesk Inc., San Rafael, CA, USA). The RF coil casing was
made from ABS+ material using a rapid prototyping system (BST 1200es, Dimension Inc.,
Eden Prairie, MN, USA). The housing ensures a minimum distance of 10 mm from the

current-carrying conductors to the subject’s tissue.



MR hardware

MR experiments were conducted on a horizontal 7.0 T whole body system (bore size:
60 cm, Magnetom, Siemens Healthcare, Erlangen, Germany, the product is neither cleared
nor approved or labelled according to applicable medical device law and may only be used in
clinical studies/trials according to applicable law. Its future commercial availability cannot be
ensured), equipped with an Avanto gradient system (slew rate: 200 mT/m/ms, maximum
gradient strength: 45 mT/m; Siemens Medical Solutions, Erlangen, Germany) and an 8 kW
single channel RF amplifier (YXLON GmbH, Stolberg-Vicht, Germany). The RF signal was
split from 1 to 2 signals by means of a home-built power splitter. For this purpose a
Wilkinson power splitter was used in lumped element design that features equal amplitude
and zero phase outputs. Both elements were connected to the system through a multipurpose
interface box equipped with transmit/receive switches and integrated low-noise preamplifiers

(Stark Contrast, Erlangen, Germany) adjusted to the resonance frequency of sodium at 7.0 T.

RF safety assessment

Three dimensional electromagnetic field (EMF) simulations were conducted using the
Finite Integration Technique (CST Studio Suite 2011, CST AG, Darmstadt, Germany). For
EMF simulations a virtual model of the RF coil configuration - which resembles the
experimental version - was used together with the calf (length 74 cm, weight 8 kg) of the
human voxel model 'Duke' from the Virtual Family (IT'IS Foundation, Zuerich, Switzerland)
(25). An isotropic resolution of 1.2 mm was used to establish a uniform mesh across the
calculation volume. This mesh was locally refined in the area of the conductors and the skin.
Decoupling capacitors were incorporated in the EMF simulations as lumped elements which

were iteratively adjusted. The feeding points of the elements were modeled as 50 Q ports.



Final field results were accomplished by incorporating lumped tuning and matching
capacitors in the built-in circuit simulator of CST Studio Suite (CST Design Studio) (26).
Using the results of the EMF simulations signal absorption rates (SAR) were calculated. The
input power was adjusted to meet the regulations of the IEC guideline IEC 60601-2-33 Ed.3
(27). Prior to the volunteer study the RF coil underwent thorough safety assessment in line
with IEC 60601-2-33:2010 Ed.3 and IEC 60601-1:2005 Ed.3 (27). The safety assessment, the
implemented safety measures, the technical documentation and the risk management file for
the coil were evaluated and duly approved for implementation in clinical studies following
certification by a notified body. The notified body is an accredited test laboratory that is
independent from manufacturer or distributor and that has been approved by an independent
third party to perform tests within a defined test scope for medical devices and hence is
entitled to examine whether a product or procedure complies with the requirements of a

certain standard or an equivalent standard document.

Transmission field mapping

Flip angle (FA) maps were generated to measure the transmit sensitivity profile (B;") of
the *Na-RF coil in agarose phantoms and in vivo. For this purpose a 40 mmol/l NaCl cuboid
phantom (dimensions 30 x 105 x 75 mm®) was placed at the same position of the RF coil
casing as the agarose standards in the volunteer studies. A double angle method (number of
averages NA=200, repetition time TR = 200 ms and flip angle FA;, = 45°/90°) was
implemented for B;" mapping of the phantom (28). A phase-based approach was used for in
vivo B;" mapping (matrix size=32x32x10, NA=12, TR = 40 ms; total acquisition time
TA=307 s) to afford short TR while being immune against T; saturation effects (29,30). The

voxel size of (4x4x10) mm® allowed for sufficient SNR.
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Phantom Study: SNR assessment
To validate and quantify the sensitivity gain at 7.0 T using the proposed surface coil

array phantom experiments were performed at 3.0 T and 7.0 T. For this purpose three setups
were employed:

e Na MRI with a volume RF coil at 3.0 T to resemble the setup reported in

recent state-of-the-art Na MR studies (12-14).

e *Na MRI with a volume RF coil configuration at 7.0 T.

e *Na MRI with the proposed two-element RF surface coil array at 7.0 T.

At 3.0 T phantom experiments were conducted using a 60 cm bore (Tim Trio, Siemens,
Erlangen, Germany) and a 70 cm bore (Verio, Siemens, Erlangen, Germany) MR scanner. A
mono-resonant Na MR birdcage volume knee coil (inner diameter= 20.6 cm, Stark Contrast
GmbH, Erlangen, Germany) was used for excitation and reception. At 7.0 T phantom
experiments were conducted using a mono-resonant bird cage coil (inner diameter=18.5 cm,
Stark Contrast GmbH, Erlangen, Germany) equipped with 12 rung and tailored for ’Na MR.
For comparison the proposed surface coil array was applied at 7.0 T. For the phantom a thin
layer of foam (thickness=1 mm) saturated with SOmM NaCl was used to mimic skin. A
plastic container (size=(105 x 35 x 200) mm?) filled with 25mM NaCl (aqueous) was
employed to mimic muscle. “Na MRI was performed using a 2D gradient echo pulse
sequence using: TE = 2.07 ms, TR = 150 ms, FA = 90°, bandwidth = 400 Hz/pixel, FOV =
(192 x 192) mmz, matrix size = 64 x 64, voxel size (3.0 x 3.0 x 30) mm3, number of averages:
NA= 32, TA = 5.12 min. Phase encoding was applied perpendicular to the foam layer along
the A-P direction. Also, for the surface coil array a high resolution 2D gradient echo “Na

MRI protocol was applied using: TE = 3.47 ms, TR = 150 ms, FA = 90°, bandwidth = 310
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Hz/pixel, FOV = (128 x 128) mmz, matrix size = 128 x 128, voxel size (1.0 x 1.0 x 30) mm3,
number of averages: NA= 16, TA = 5.12 min with phase encoding being applied

perpendicular to the foam layer along the A-P direction.

Volunteer study

17 healthy men aged 20 — 79 years (mean + SD = 46 + 18 years) were examined after
due approval by the local ethical committee (registration number DE/CA73/5550/09,
Landesamt fiir Arbeitsschutz, Gesundheitsschutz und technische Sicherheit, Berlin, Germany)
and after written informed consent was obtained prior to the study.

For volunteer studies the »’Na RF coil was positioned inside a 'H birdcage RF coil
(Siemens Healthcare, Erlangen, Germany) as depicted in Figure 1D. The "H RF coil was used
for acquisition of anatomical reference images. For Na* calibration, an array of 5% agarose
gels containing 0, 20, 40, and 60 mmol/l NaCl was used as an external standard. The
standards were placed on top of the 2Na surface RF coil. For the 20, 40, and 60 mmol/l NaCl
standards dimensions of (10 x 20 x 75) mm’ were used. The Na* free agarose compartment
was thinner ((5 x 20 x 75) mm3) to get skin tissue closer to the surface RF coil and to increase
signal-to-noise ratio (SNR).

Volunteers were positioned feet-first and supine in the scanner. The posterior section of
the lower left leg was positioned directly onto the external standards. External standards and
the calf were carefully aligned parallel to the z axis of the scanner to obtain straight
transversal slices and to reduce partial volume effects with tissue components other than skin
along the head-to-feet direction. To assess the intra-subject reproducibility, each volunteer
was examined three to five times with each session including a 5 min walk and

repositioning/preparation of the subject. Na* signal intensities were evaluated for skin regions
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positioned directly above the NaCl free agarose standard which was positioned in the region
where the sensitivity of the RF coil is largest.

For anatomical reference, a proton localizer was used: 2D FLASH, echo time (TE) =
3.7 ms, repetition time (TR) = 7.7 ms, flip angle (FA) = 20°, bandwidth = 320 Hz/pixel, field
of view (FOV) = (192 x 192) mm?, slice thickness = 5 mm, matrix size = 320 x 240,
interpolated voxel size (0.38 x 0.38 x 5) mm’® ), total acquisition time (TA) of 1.8 s.

»Na MRI was performed using a 2D gradient echo pulse sequence to leverage the
point spread function advantage over non-cartesian acquisition strategies (31-33). Unlike non-
cartesian acquisition strategies such as radial or projection reconstruction approaches 2D
cartesian techniques run the trait that T,* induced blurring occurs only along one spatial
direction, which is beneficial for *Na MRI of skin using the proposed setup where the read-
out direction can be aligned with the planar layer of the skin. Also, for reasons of being able
to translate the proposed approach into broader in vivo studies the imaging protocol was built
on a gradient echo imaging technique which is more common and robust on clinical MR
scanners versus sophisticated non-cartesian approaches (34-37). The sequence was tailored
for shortest TE=2.27 ms possible using a highly asymmetric echo with the echo positioned at
1/8 of the acquisition window together with a Gaussian pulse (t=400 ps) for excitation and
TR = 135 ms, FA = 90°, bandwidth = 280 Hz/pixel, FOV = (128 x 128) mmz, matrix size =
142 x 142, voxel size (0.9 x 0.9 x 30) mm3, number of averages: NA= 32, TA =~ 10 min.
Phase encoding was applied perpendicular to the skin along the A-P direction.

To quantify Na* content, T| saturation effects were examined. For this purpose, a
volunteer (67 year-old man) was scanned several times together with an agarose standard
(with 40 mmol/l NaCl) using a gradient echo imaging pulse sequence (FA = 90°, bandwidth

= 310 Hz/pixel, FOV = (128 x 64) mmz, voxel size = (1 x 1 x 30) mm3, NA =32, TE = 3.47
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ms) in conjunction with repetition times ranging from TR = 10 ms to TR = 200 ms. Also, the
bi-exponential T»>* decay rates of Na+ in skin tissue and agarose standards were measured
using a fast 3D radial technique (38) with TR = 200 ms, FA = 90°, bandwidth = 200
Hz/pixel, FOV = (128 x 128 x128) mm3, voxel size=(1x1x1) mm3, NA= 2 and with TE
ranging from 0.05 ms to 20 ms. The T,* relaxation times obtained for the fast and slowly
decaying fractions of agarose and skin and their volume fraction ratio were used in a Matlab
routine (MathWorks, Natick, MA, USA) to examine the signal difference for both setups
when using a TE ranging from 1 ms to 10 ms including TE=2.27 ms used in the in vivo

experiments.

Data Analysis

All images were processed with ImageJ software package (NIH, Bethesda, USA). For
the phantom experiments conducted at 3.0 T and at 7.0 T signal to noise ratio assessment was
performed using the mean signal intensity of a ROI positioned in the phantom in a 3 mm
distance to the surface of the phantom divided by the standard deviation of the noise obtained
from a ROI placed in the background noise of the images. For the volunteer studies the
surface RF coil B; profile was corrected using the B;-map derived from an agarose cuboid
phantom. For this purpose, the uncorrected human skin images were divided by the B;

-sin(B*-FA) map with FA=90°, which was derived from the agarose phantom. This B;
correction is justified by the low resonance frequency of the sodium for which B;" = B;", the

use of a transmit/receive RF coil (39) and the homogeneity of the large agarose phantom. No
image interpolations were applied.
The mean signal intensities derived from the NaCl free agarose standard served to

determine the background signal level. The ten-fold value of the background signal was
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defined as a lower threshold to identify all the pixels containing skin. The portion of this
region, which was located above the 0 mmol/l NaCl agarose standard was evaluated for skin
Na* content. The dimension of the ROI perpendicular to the skin was adjusted to the
dimension of the skin. The mean signal intensity of the skin was compared with the intensity
values of 20, 40, and 60 mmol/l NaCl agarose phantoms in a linear trend analysis. Standard
deviation of signal intensities in the skin ROI was used to define the standard deviation of
Na" content in skin tissue. The intra-subject standard deviation was defined as the variance of
successive measurements in each volunteer. To test the linear dependence of sodium content

versus age, we calculated a Pearson product-moment correlation coefficient.
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Results

RF coil characteristics and RF safety assessment

The RF coil weighs 340 g. Reflection coefficients of the individual elements obtained
from volunteers are better than -20 dB. Element coupling was below -10 dB for all elements
and subjects. Local SAR values averaged over 10g (SAR;o,) were derived from the EMF
simulations using the human voxel models “Duke” for an accepted input power of 2 W
averaged over a period of 6 min. The local SAR maxima averaged over 10g (SARq,) for
phase setting 1 (PS1, channel 1: 0°, channel 2: OO) did not exceed SARo,(max)=18.6 W/kg
which is well below the limits permitted by the IEC guidelines (27). The maximum SAR
limits were found close to the surface of the human calf as demonstrated by the maximum
intensity projection (MIP) of SAR for an axial view of the calf shown in Figure 2A. No SAR
hot spots were observed for deep lying regions in the calf (Figure 2A). The locations and
amplitudes of the local SAR maxima were found to be around the middle conductor as
illustrated by the maximum intensity projection of SAR for the coronal view of the calf
shown in Figure 2B. The other phase settings used in the numerical simulations provided
local SAR maxima values averaged over 10g (SARjg): PS2: chI:OO, ch2:150,
SARoe(max)=18.2 W/kg; PS3: ch1=0", ch2=30", SAR;o(max)=17.2 W/kg; PS4: ch1=0",
ch2=45", SARpg(max)=15.9 W/kg; PS5: ch1=0°, ch2=60", SARo(max)=10.0 W/kg; PS6:
ch1=0°, ch2=75", SAR o (max)=11.9 W/kg; PS7: ch1=0’, ch2=90"; SAR pg(max)=9.7 W/kg),
which were all below averaged local 10g (SAR o) maxima obtained for PS1. With these
results the RF coil underwent thorough safety assessment in line with IEC 60601-2-33:2010

Ed.3 and IEC 60601-1:2005 Ed.3 (27).
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Transmission field mapping

The distribution of the transmission fields derived from B;* mapping in the phantom
using the proposed RF coil are shown in Figure 2C. For a transmitter voltage of 25 V the
largest SNR was obtained in the central region of the coil defining a nominal flip angle of
90°, which is scaled to 1 in the B;" map. The flip angle was found to decay about 50 % per 1
cm distance from the surface of the coil. The distribution of the transmission field derived
from in vivo B;" mapping using the proposed RF coil revealed a fair agreement with the

phantom data as demonstrated in Figure 2C.

Phantom study: SNR assessment

Figure 3 summarizes the results derived from the phantom experiments which were
conducted to assess the sensitivity gain at 7.0 T using the proposed surface coil array versus
(1) a 3.0 T setup employing a transceiver volume RF coil and (ii) a 7.0 T configuration using
a volume RF coil. For the 3.0 T setup an SNR of approximately 15 was obtained for the 60
cm bore and the 70 cm bore MR scanner. At 7.0 T a SNR of approximately 50 was found
when using the birdcage volume RF coil. In comparison an SNR of approximately 140 was
observed when employing the proposed two-element RF surface coil configuration. These
results indicate an order of magnitude improvement in SNR when moving from using a
volume at 3.0 T to a RF surface coil array tailored for “Na MR of skin at 7.0 T. This
sensitivity gain was translated into the high spatial resolution which indicates an improved
delineation of the boundaries of the thin foam layer due to reduction in partial volume effects
while keeping the scan time constant. The high spatial resolution protocol revealed an SNR of

approximately 22.
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Volunteer study
The proton images served for anatomical orientation to optimize skin positioning and
field of view adjustments for sodium imaging as outlined in Figure 4A.

T, saturation effects of human skin (T; = 27 + 2 ms) were found to be similar to that
of 50 mmol/l NaCl in 5 % agarose (T; = 20 = 2 ms). Consequently, we used agarose as an
external standard to afford repetition times without compromising the spin density weighting
needed for Na* calibration. At TR > 100 ms the error in concentration calibration for skin
using agarose standards was well below 5 %. It was more challenging to reduce if not
eliminate T,* contributions to the signal intensity. In vivo »Na Ty* mapping of the skin using
a fast 3D radial technique yielded a bi-exponential T,* decay (R*> 0.99) including a fast and
a slow component with T,*g, = (0.5 £ 0.3) ms (volume fraction=14%) and T,*ow = (7.6
0.5) ms (volume fraction=86%). To minimize T,* related contributions to the calibration,
external agarose standards mimicking the T,* relaxation properties of tissue were used
(To*st = 2.3 £ 0.5 ms, 43%, Tr*gow = 13 £ 2 ms, 57%). With this setup our simulations
showed a difference of less than 1% in the T,* effect between the agarose standard and the
skin for TE=2.27 ms used in the volunteer study. The agarose standards employed here
exhibit dielectric properties, which resemble those of human skin.

Imaging with the *’Na RF coil provided a high in-plane spatial resolution of (0.9 x 0.9)
mm? as illustrated in Figure 4B. The signal intensities of the 20, 40, and 60 mmol/l Na'-
standards could be very well distinguished from each other. The Na" signal in the thin skin
layer showed high contrast versus the 0 mmol/l NaCl agarose (Figure 3B). The skin layer was
very well delineated from the subcutaneous fat tissue layer. Normalization of the Na™-image
with the flip angle map removed B; inhomogeneities as demonstrated in Figure 4C.

Consequently, intensity values of the external Na® standards could be compared with the
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mean signal intensity of the skin in a linear trend analysis. A Na® content ranging from
approximately 30 mmol/l to approximately 60 mmol/l was detected for the normal subjects
included in the study. This range of Na content covers the linear segment of the calibration
curve (12,13).

The intra-subject variability of skin Na® content assessment was found to be below
10.3% for all subjects as demonstrated in Figure 5. The volunteer studies revealed inter-
volunteer differences in skin Na* content. For example, the skin Na* content of a 25 year-old
man was found to be 41 = 2 mmol/l as depicted in Figure 6A. In comparison, a 67 year-old
man showed a skin Na" content which was approximately 1.4-fold higher (57 + 3 mmol/l) as
illustrated in Figure 6B. Our »Na MRI in vivo data suggested an age-dependent increase in
the skins Na* content as illustrated in Figure 7. The relationship could be represented by a
linear fit with a slope of (0.34 + 0.07) mmol/(l-year). For the linear dependence of sodium
content versus age a Pearson product-moment correlation coefficient of r = 0.78 was

observed.
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Discussion

The important findings in our study are that ’Na-MRI has utility in measuring
compartmentalized Na® stores in skin that exceed hitherto forwarded methodologies. The
evidence herein suggests that »Na-MRI at 7.0 T provides sensitivity and spatial resolution
advantages over a recent 3.0 T study (13). The same study concluded that further
technological advancements in the field are required to provide more spatially detailed
images of the skin. This conclusion prompted the authors to propose the use of 7.0 T MRIL
Our study adds to the literature by demonstrating the feasibility of high spatial resolution
human skin **Na MR at 7.0 T. With *?Na MRI at 7.0 T we observed that the sensitivity of the
proposed RF surface coil enabled the acquisition of »Na MR images at an in-plane resolution
below 1 mm in the thin layer of the skin. This resolution reveals the enormous Na* content of
the human skin

Taking the in-plane spatial resolution of (0.9 x 0.9) mm? into account and considering
inter-volunteer changes in skin thickness, the skin layer was covered by 2-4 pixels in this
study. Partial volume effects might systematically hamper the absolute Na* concentration but
have a minor influence on the ratio from patient to patient. This situation manifests itself by
the low intra-volunteer variance. It should be noted that residual partial volume effects are
significantly lower compared to previous results reported for 3.0 T »Na MRI in skin (12-14).
These improvements were achieved by using an enhanced in-plane spatial resolution resulting
in voxels sizes being by an order of magnitude reduced versus human skin “NaMR at 3.0 T
(12-14). The gain in spatial resolution was afforded by the SNR gain inherent to ultrahigh
magnetic fields and by the use of a local transceiver RF coil versus birdcage RF volume coils
previously applied at 3.0 T (12-14). The SNR increase observed at 7.0 T using a volume RF

coil versus the equivalent setup at 3.0 T accords with previous reports on magnetic field
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dependent brain *Na MR (40). The sensitivity gain obtained at 7.0 T together with the
proposed local transceiver RF coil array versus the birdcage RF volume coil suggests that the
use of a local transceiver RF coil array at 3.0 T would afford a factor of 3 reduction in voxel
size versus previous reports about human skin *Na MR at 3.0 T (12-14).

Our in vivo studies in healthy subjects revealed an increased skin Na® concentration
with advancing age. This finding is in alignment with a recent in vivo study performed at 3.0
T (13), which reported a sodium content of the skin ranging from approximately 15 mmol/L
(age 22) to approximately 35 mmol/L (age 80) for a normotensive cohort of male subjects. In
comparison, our results reported here demonstrated an increase in the sodium concentration
of skin from approximately 35 mmol/L (age 20) to approximately 60mmol/L (age 80). This
MR based range of in vivo skin sodium content matches ex vivo 3.0 T findings obtained for
dissected skin specimens placed in a falcon tube with a diameter of 27 mm (12). The
discrepancy between sodium skin content obtained in vivo at 3.0 T versus 7.0 T can be most
likely attributed to the enhanced spatial resolution at 7.0 T which helps to offset partial
volume effects encountered at lower fields.

The results reported for this feasibility study are likely to pave the way for further
advances in RF coil technology tailored for assessment of skin sodium content. These efforts
will help to further gain sensitivity by reducing loop element size and by including more loop
elements as recently demonstrated for transceiver arrays customized for proton MRI at 7.0 T
(41-46), and hence will contribute to further improvements of in-plane resolution. The use of
a large slice thickness for transversal slices of skin in the lower leg implies perfect orientation
of the calf-skin and agarose standards parallel to the main axis of the MR scanner to reduce
partial volume effects of skin Na* signal, Na* free environment and low Na* subcutaneous fat

tissue. To this end, the relatively large slice thickness used in this feasibility study could be
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also reduced. This would afford an enhanced robustness and improved ease of use for clinical
sodium skin content assessment.

We believe that the observation of age dependent sodium concentration in the skin is
interesting, since blood pressure and hypertension increase relentlessly with age and Na* has
been implicated mechanistically. However, we are aware that NaCl balance investigations,
studies in hypertensive subjects, and determinations in patients with abnormal Na*
concentrations will be necessary to establish the clinical utility of this imaging technique. To
this end longitudinal »“Na MR studies hold the promise to provide means for further
explorations into the regulation of skin sodium storage. 3C1 MRI presents a supplementary
and very much intriguing alternative for research into salt homeostasis (47,48). Another
development that is looming on the research horizon is the move toward magnetic field
strengths of Bp=9.4 T and higher which will afford further spatial resolution enhancements
for quantitative sodium imaging (49).

We recognized limitations in our study. A Cartesian gradient-echo technique was
applied, which was optimized to the geometry and requirements of the in vivo setup. Further
developments might include fast 2D or 3D projection reconstruction or other non-Cartesian
imaging techniques (38,50-52). These approaches make use of ultra-short echo times to
preserve signal of fast decaying **Na components and hence would help to further reduce T,*
effects. Because of the physiological relevance of the intra- versus the extracellular Na*
compartment, a separation between these pools constitutes another goal for the development
of »Na-MRI techniques employing relaxation-weighted imaging or multiple-quantum
filtering (33,53,54). While the proposed RF coil design is tailored to accommodate the calf it
can be adapted to support in vivo assessment of human skin content in body sections other

than the calf.
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We believe that the investigation of human Na* balance can benefit from state-of-the art
»Na-MRI tools and should not be thoroughly investigated solely with serum measurements
and 24 h urine collections but requires state-of-the art diagnostic imaging tools. Recent
reports indicate that macrophage/vascular endothelial growth factor-C-driven extrarenal
regulation of interstitial electrolyte metabolism might be relevant in humans with salt-
sensitive hypertension, refractory hypertension, and in patients with renal disease (8,55,56).
However, non-invasive imaging approaches for quantification of interstitial Na* storage in
humans were not available to carefully validate these assumptions. We suggest that “Na-MRI
at 7.0 T can help to unlock questions regarding Na* balance and Na"* storage functions of skin
with the ultimate goal to provide imaging means for diagnostics and for guiding treatment

decisions in cardiovascular and metabolic diseases.
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Figure Captions

Figure 1: (A) The basic design and layout of the two-element transmit/receive surface RF
coil proposed for in vivo *?Na MRI of the human skin at 7.0 T. (B) Photograph of the coil
casing and cabling. (C) Schematic view of the positioning of the »Na surface coil with
respect to the calf. For the in vivo experiments subjects were positioned feet-first and supine
with the calf resting on the RF coil as illustrated by the transparent view. (D) Positioning of
the **Na surface-coil in a 'H birdcage-coil used for acquisition of anatomical reference
images. For concentration calibration agarose phantoms with 0, 20, 40 and 60 mmol/l NaCl

concentration were mounted on top of the »Na coil.

Figure 2: Maximum intensity projection of local SAR maxima values averaged over 10g
(SAR ) for transverse (A) slice and for a coronal slice (B) across the calf for an input power
of 2Wins. SAR o, distribution was derived from EMF simulations using the human voxel
model “Duke”. The maximum local SAR;¢, did not exceed SAR(,(max)=18.6 W/kg which
is well below the limits permitted by the IEC guidelines (27). C) Bj-maps derived from
phantom and volunteer studies. top): High resolution normalized B; map derived from a 40
mmol/l NaCl agarose phantom used for spatial sensitivity calibration. The map shows high
sensitivity near the surface of the coil. The flip angle decays to about the half at a distance of
1 cm from the surface. bottom): Low spatial resolution normalized in vivo B; map of human

calf. Phantom and in vivo B; maps show a fair agreement.
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Figure 3: Summary of the SNR assessment derived from ’Na MRI phantom experiments at
3.0 T and 7.0 T. Three setups were employed: (i) volume RF coil at 3.0 T using an MR
scanner with a 60 cm bore (A) and a 70 cm bore (B) to resemble the setup reported in recent
state-of-the-art 2>°Na MR studies (12,13), (ii) a volume RF coil configuration at 7.0 T using a
birdcage RF coil (C), and the proposed two-element transceiver RF coil array (D). The
imaging protocol was adjusted (A-D): to achieve an in-plane spatial resolution of (3.0 x 3.0)
mm’® reported for state-of-the-art 2Na MR studies (12,13) and (E): to facilitate an in-plane
spatial resolution of (1.0 x 1.0) mm’ while keeping the total scan time constant. SNR was
determined for a region of interest placed in the phantom (marked in red) containing 25mM
NaCl to resemble skin. For the 3.0 T setup an SNR of approximately 15 was obtained for the
60 cm bore (A) and the 70 cm bore (B) MR scanner. At 7.0 T a SNR of approximately 50 was
found when using the birdcage volume RF coil (C). In comparison an SNR of approximately
140 was observed when employing the proposed two-element transceiver RF coil (D). For the

latter the high resolution protocol (E) yielded an SNR of approximately 22.

Figure 4: Proton image and sodium images of human calf skin acquired at 7.0 T. (A) Proton
images served for anatomical orientation of the lower leg that was placed on an array of
agarose gel standards with different NaCl concentrations of 0, 20, 40, and 60 mmol/l (from
the right to the left). The dashed line surrounds the field of view of the “Na image. The »Na
surface coil is positioned below the agarose standards. (B) »Na gradient echo image of skin.
The bright white line represents the high Na concentration in the skin layer. (C) After
normalization of the *’Na MR image shown in B, the external standards can be used for
calibration of tissue Na* content. Arrows indicate the position of the skin (male volunteer, 37

years).
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Figure 5: Intra-subject reproducibility of skin Na* acquisitions in 17 healthy subjects of
increasing ages (to the right and downwards). The intra-subject variability of the human skin

Na" content was below 10.3 % for all subjects.

Figure 6: 'H /%Na MR images of the human calf skin for volunteers with different age. (A)
'H image (top) and *Na-MR image (bottom) derived from the lower right leg of a 25 year-
old male subject. (B) 'H image (top) and Na MR image (bottom) derived from a 67 year-old
male subject for the same slice position used in A. Anatomical structures including the subtle
skin layer are visualized in the 'H images. The zoomed views of the density corrected *Na
images (bottom) represent the regions highlighted by the white boxes in the anatomical
images (top). Skin (marked by arrows) is very well delineated in the »Na MR images, which

also show the agarose gel standards with increasing Na® content.
Figure 7: Human skin Na® content versus age obtained from »®Na MRI at 7.0 T. The

preliminary in vivo »Na MRI data (n=17, male) suggest an increase of skin Na* content with

age of (0.34 £ 0.07) mmol/(I-year).
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Figure 1: (A) The basic design and layout of the two-element transmit/receive surface RF coil proposed for
in vivo 22Na MRI of the human skin at 7.0 T. (B) Photograph of the coil casing and cabling. (C) Schematic
view of the positioning of the 2>Na surface coil with respect to the calf. For the in vivo experiments subjects
were positioned feet-first and supine with the calf resting on the RF coil as illustrated by the transparent
view. (D) Positioning of the 2>Na surface-coil in a 'H birdcage-coil used for acquisition of anatomical
reference images. For concentration calibration agarose phantoms with 0, 20, 40 and 60 mmol/I NaCl
concentration were mounted on top of the >*Na coil.
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Figure 2: Maximum intensity projection of local SAR maxima values averaged over 10g (SAR10q) for
transverse (A) slice and for a coronal slice (B) across the calf for an input power of 2Wms. SAR10q
distribution was derived from EMF simulations using the human voxel model “Duke”. The maximum local
SAR1qg did not exceed SAR;oq(max)=18.6 W/kg which is well below the limits permitted by the IEC
guidelines (26). C) Bi-maps derived from phantom and volunteer studies. top): High resolution normalized
B; map derived from a 40 mmol/l NaCl agarose phantom used for spatial sensitivity calibration. The map
shows high sensitivity near the surface of the coil. The flip angle decays to about the half at a distance of 1
cm from the surface. bottom): Low spatial resolution normalized in vivo B; map of human calf. Phantom and
in vivo B, maps show a fair agreement.
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Figure 3:

Summary of the SNR assessment derived from 2°Na MRI phantom experiments at 3.0 T and 7.0 T. Three
setups were employed: (i) volume RF coil at 3.0 T using an MR scanner with a 60 cm bore (A) and a 70 cm
bore (B) to resemble the setup reported in recent state-of-the-art 2>Na MR studies (12,13), (ii) a volume RF

coil configuration at 7.0 T using a birdcage RF coil (C), and the proposed two-element transceiver RF coil
array (D). The imaging protocol was adjusted (A-D): to achieve an in-plane spatial resolution of (3.0 x 3.0)
mm? reported for state-of-the-art 2Na MR studies (12,13) and (E): to facilitate an in-plane spatial resolution
of (1.0 x 1.0) mm? while keeping the total scan time constant. SNR was determined for a region of interest
placed in the phantom (marked in red) containing 25mM NaCl to resemble skin. For the 3.0 T setup an SNR

of approximately 15 was obtained for the 60 cm bore (A) and the 70 cm bore (B) MR scanner. At 7.0 T a

SNR of approximately 50 was found when using the birdcage volume RF coil (C). In comparison an SNR of
approximately 140 was observed when employing the proposed two-element transceiver RF coil (D). For the

latter the high resolution protocol (E) yielded an SNR of approximately 22.
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Figure 4:

Proton image and sodium images of human calf skin acquired at 7.0 T. (A) Proton images served for
anatomical orientation of the lower leg that was placed on an array of agarose gel standards with different
NaCl concentrations of 0, 20, 40, and 60 mmol/l (from the right to the left). The dashed line surrounds the

field of view of the 2Na image. The 2>Na surface coil is positioned below the agarose standards. (B) 2>Na
gradient echo image of skin. The bright white line represents the high Na concentration in the skin layer. (C)
After normalization of the 2Na MR image shown in B, the external standards can be used for calibration of
tissue Na* content. Arrows indicate the position of the skin (male volunteer, 37 years).
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Figure 5:

Intra-subject reproducibility of skin Na+ acquisitions in 17 healthy subjects of increasing ages (to the right
and downwards). The intra-subject variability of the human skin Na* content was below 10.3 % for all
subjects.
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Figure 6:

'H /2>Na MR images of the human calf skin for volunteers with different age. (A) *H image (top) and 2>Na-MR
image (bottom) derived from the lower right leg of a 25 year-old male subject. (B) *H image (top) and *>Na
MR image (bottom) derived from a 67 year-old male subject for the same slice position used in A.
Anatomical structures including the subtle skin layer are visualized in the 'H images. The zoomed views of
the density corrected *Na images (bottom) represent the regions highlighted by the white boxes in the
anatomical images (top). Skin (marked by arrows) is very well delineated in the 2Na MR images, which also
show the agarose gel standards with increasing Na* content.
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Figure 7:
Human skin Na* content versus age obtained from 2*Na MRI at 7.0 T. The preliminary in vivo 2>Na MRI data
(n=17, male) suggest an increase of skin Na* content with age of (0.34 £ 0.07) mmol/(l-year).
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