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Abstract

The aim of this work was to investigate possible sex differences in the patterns of sodium
deposition between muscle and skin using sodium MRI. A total of 38 subjects were examined for
comparisons: 20 males, aged 25-79 years with a median age of 51; 18 females, aged 38-66 years,
median age 53. All subjects underwent sodium MRI scans of the calf muscles together with cross
sections through four calibration standards containing known sodium contents (10mM, 20mM,
30mM, and 40mM). Tissue sodium concentrations (TSC) in muscle and skin were then calculated
by comparing signal intensities between tissues and reference standards using a linear analysis. A
Wilcoxon rank sum test was applied to the ATSC (= TSCruscle = TSCgkin) Series of males and
females to examine if they were significantly different. Finally, a multiple linear regression was
utilized to account for the effects from two potential confounders, age and body mass index
(BMI). We found that sodium content appears to be higher in skin than in muscle for men,
however women tend to have higher muscle sodium than skin sodium. This sex-relevant sodium
deposition is statistically significant (2= 3.10x107°) by the Wilcoxon rank sum test, and this
difference in distribution seems to be more reliable with increasing age. In the multiple linear
regression, gender still has a statistically significant effect (P< 1.0x1074) on the difference
between sodium deposition in muscle and skin, while taking the effects of age and BMI into
account.
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1. Introduction

Sodium is the most abundant cation in the human body, and is vital for cellular function and
integrity [1, 2]. Normally, the intracellular space accounts for 80% of tissue volume with a
sodium concentration of 10 — 15mM, against an extracellular volume fraction of 20% with a
sodium concentration of 140 — 150mM. This relatively stable concentration difference is
primarily maintained by the sodium-potassium Na*/K*-ATPase pump, which pumps sodium
out of cells while pumping potassium into cells. Leaky cell membranes or impaired Na*/K*
exchange kinetics potentially change the cytosolic total tissue sodium, making sodium a
biomarker of a wide range of disease states [3—6], such as stroke, cancer, osteoarthritis,
neurological disorders, edema, and acute myocardial infarction. Typically, an increase of
total tissue sodium concentration (TSC) indicates a loss of tissue viability and is associated
with an increase of intracellular sodium due to the loss of integrity of the cell, and also with
an increase of extracellular volume when cells are dying [1, 7-12].

The first investigation of sodium NMR in biological tissues was piloted in the early 1970s
[13, 14], while the feasibility of sodium MRI in human subjects and its potential use for
detecting pathological changes were demonstrated in the middle to late 1980s [3, 8, 9, 15].
Interest in the use of sodium MRI has increased over time due to the availability of higher
magnetic fields, improved hardware and pulse sequences [4, 16], and the availability of
ultra-high field MRI scanners (7T and 9.4T) [17-19]. Further improvements in electronics,
RF coils, and acquisition techniques [20—-22] have made sodium MRI feasible at reasonable
resolution in practical scan times. To date, sodium MRI has been applied to image several
human organs /n vivo including brain, heart, cartilage, kidney, breast, spine, as well as
muscle and skin [6, 23-34].

In muscle, sodium changes can be linked to several disease states, including diabetes
mellitus, starvation, hypothyroidism, hypertension, and cardiovascular risk. Skin sodium has
been studied relatively rarely compared to muscle. Recent studies have shown that sodium
may be sequestered in both skin and muscle so that tissue sodium levels are not reliably
measured by sampling blood or interstitial fluid, which has important implications for the
management of hypertension and kidney disease [33]. Therefore, measurements of sodium
concentrations in skin or muscle may be a useful biomarker of risk of disease progressions,
but the interpretation of such measurements will rely on understanding the factors that affect
sodium levels.

A previous study observed that sodium in muscle and skin appeared to change differently
with age for men and women. Specifically, it noted an increase of sodium storage in skin for
both men and women, and an increase of sodium storage in muscle for men, but not women
[33]. In our recent preliminary studies [35, 36], we observed that the sodium deposition
between muscle and skin was sex-relevant. For males, skin sodium content appeared higher
than muscle sodium, which was opposite to females who tended to have higher muscle
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sodium than skin. Prompted by these observations, we investigate whether this sex specific
pattern of sodium deposition in muscle and skin is statistically significant.

2. Materials and methods

This study was approved by the Institutional Review Board (IRB) of the Vanderbilt
University. A total of thirty eight (38) subjects: 20 males, aged 25-79 with a median age of
51; 18 females, aged 38-66 years, with a median age of 53 were recruited. The demographic
characteristics of the subjects are included in Table 1. Written informed consent from each
subject was obtained prior to MR imaging.

2.1. MR acquisition

Imaging was performed on a Philips Achieva 3.0T MR scanner (Philips Healthcare,
Cleveland OH, USA) with a 23Na quadrature knee coil (Rapid Biomedical GmbH, Rimpar,
Germany). Four calibration phantoms (NaCl aqueous solutions of 10mM, 20mM, 30mM,
and 40mM) served as reference standards and were scanned together with sections through
the subject’s calf muscles. Each subject was required to rest for 30 minutes before imaging
to allow the body to reach a physiological equilibrium. The left lower leg (the widest part of
calf region) was scanned with the skin closely in contact with the hard surface of the
phantom holder. Fig. 1 shows the sodium coil, phantoms and holder, and the subject’s setup.

MR scans primarily included a proton mDixon scan and a sodium scan. The mDixon scan
provides a high resolution anatomical image allowing for accurate muscle ROI (region of
interest) definition. Five 6mm slices were acquired by the scanner body coil with parameters
FOV =192 x 192 mm?, resolution = 1 x 1 mm?, TR = 200ms, and TE = 4.6 ms. Four types
of images (water, water fat in-phase, water fat out-of-phase, and fat) were generated
resulting in a total of 20 images. Scan time was 3 min 52 sec. For sodium relaxation, muscle
typically has a T of 12 — 25ms, a short T, (T2, short) Of 1.5 —2.5ms, and a long T (T2, jong)
of 15— 30ms [2]. To our knowledge, skin relaxation times are not readily available, so we
assume that they are within a similar range as muscle. To eliminate the T, effect in tissues, a
TR of approximately 5T tjssue Was chosen to allow the longitudinal magnetization to fully
relax, and the shortest possible TE was chosen to maximize SNR (signal-to-noise ratio).
Agueous NaCl solution has a T» (long component only) that is close to its T4 ranging from
50 — 60ms [5, 37]. Although longitudinal magnetization in the phantom is not fully relaxed
for the selected TR, higher SNR would be achieved by increasing the number of signal
averages for a given total scan time. In view of these factors, sodium imaging was performed
using an optimized 3D Gradient-echo sequence, with parameters FOV = 192 x 192 x
210mm3, voxel size = 3 x 3 x 30mm?, 7 slices, TR/TE/FA = 130ms/0.99ms/90°, bandwidth
= 434Hz/pixel, acquisitions: 26, scan time = 15 min 54 sec. Prior to human imaging, the
sodium coil homogeneity was examined on a plastic jar phantom (inner diameter = 14 cm,
volume = 3.5L) filled with a 50mM aqueous NaCl solution using the above sodium imaging
technique. A uniform sodium image was acquired (Fig. 2) indicating the imaging data
acquired by the coil can be used reliably for sodium quantification without further B,
calibration. All the human imaging data were processed off-line with custom MATLAB
(R2013a) scripts.
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2.2. Data processing

The mDixon and sodium scans were aligned in the middle of their imaging slabs, so that the
center slice of each modality was taken for ROI definition and sodium quantification. The
muscle ROIs included five regions (anterior compartment, peroneus, soleus, medial
gastrocnemius, and lateral gastrocnemius) which were drawn on the mDixon images. Skin
ROI and phantom ROIs were drawn on the sodium image directly, see Fig. 3.

Sodium quantification was performed by comparing signal intensities between tissue and
calibration phantoms on the sodium image. A linear relationship (sodium concentration vs
signal intensity) was assessed based on the phantom data, and results from a linear
regression were applied to the tissue regions to quantify sodium content assuming the same
T4 and T, values for tissue and solutions. ImageJ (NIH, version 1.49v) was used for drawing
ROIs and making signal intensity measurements.

2.3. Statistical analysis

Sodium differences between muscle and skin were computed for each subject (ATSC =
TSCmuscle — TSCskin), and a Wilcoxon rank sum test was applied to the ATSC series of
males and females to examine if they were significantly different (with 2 value reported).

To further examine contributions from other factors, a multiple linear regression model was
applied in which sodium difference was the outcome variable and gender was the main
explanatory variable while two potential confounders, i.e., age and BMI (body mass index)
were added to the model.

In addition, a scatter plot was used to depict the relationship between ATSC and age for all
subjects, and the correlation was examined by a linear regression analysis.

3. Results

Table 1 summarizes the demographic information and TSC in muscle and skin for males and
females, along with the calculation of ATSC (= TSCrhuscle — TSCskin)- Notably, a majority of
the males have higher TSC in skin than in muscle, while female muscle TSC is greater than
skin TSC. The Wilcoxon rank sum test confirms the sex difference in sodium deposition
between muscle and skin is significantly different (P= 3.10x107°). The multiple linear
regression also showed a statistically significant effect of sex (P< 1.0x1074) on the
difference between sodium deposition in muscle and skin, while taking the effects of age and
BMI into account.

Fig. 4 plots the correlation between sodium difference (ATSC = TSCryscle = TSCskin) and
age for males and females. Younger subjects appear to have lower |ATSC], but it is more
variable in males. The absolute value of ATSC tends to increase with increased age for both
males and females, which is verified by the linear regressions (females: r = 0.41, £=0.089;
males: r = 0.57, P=0.0084. Here r represents correlation coefficient).
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4. Discussion

Our results show there are different patterns of sodium accumulation in muscle and skin for
men and women, a difference that appears to increase with age. The MRI method used is
able to unambiguously differentiate sodium in muscles and skin of the leg and quantify
spatial differences in concentration with good precision and spatial resolution. These
findings are relevant to the interpretation of sodium measurements that may be used to
follow changes over time in, for example, patients with hypertension or chronic kidney
disease.

Skin is an important site for extrarenal regulation of sodium metabolism. There is evidence
that the skin interstitium concentrates electrolytes and thereby may provide a physiological
barrier which induces a continuous solvent drag for water, very similar to the renal
medullary interstitium. However, the physiological function of this process is not well
characterized. It has also been suggested that sodium storage in skin may be relevant in
health and disease [32, 33], but the mechanisms of sodium ions entry into the skin, and its
clearance from interstitial tissue, still remain unclear [38].

In this study, we found gender differences of sodium deposition between muscle and skin.
Men show higher sodium content in skin than in muscle, which is contrary to women who
tend to accumulate higher muscle than skin sodium. Whether such differences reflect
differences in sodium metabolic patterns or possibly the influence of other factors such as
skin thickness and lipid content, which may be different amongst the sexes, remains unclear.

There are certain aspects can be further improved in our study. First, although it is
reasonable for sodium imaging, the in-plane resolution of our sodium image (3mm x 3mm)
is relatively low, which could be improved at higher field (such as 7T) and/or with more
advanced UTE-like sequences. Second, the measured sodium signal was from both
intracellular and extracellular spaces in our study. To be more specific for the underlying
pathologic process, a selective assessment of the intra- or extracellular sodium might be
more indicative. Prospective MRI approaches for selecting intra- or extracellular sodium
could be based on inversion recovery (IR) [39, 40] or multiple quantum filter (such as
double quantum filter - DQF, triple quantum filter - TQF), although the latter would need
more investigation due to the large specific absorption rate (SAR) [41-43]. Moreover,

T2, short and T, jong COMponents in biological tissues constitute roughly 60% and 40% of the
transverse magnetization [44]. There is often considerable signal loss in tissues due to the
rapid decay of T short COMponents when TE is not sufficiently short. Therefore, although
such effects do not influence the conclusions of this study, sodium levels reported may not
be accurate in an absolute sense because they assume equal relaxation times for sodium in
tissue and the phantoms, which may underestimate the levels of sodium in tissue.

In conclusion, a significant sex dependent difference in sodium deposition between muscle
and skin was found, with males having higher sodium content in skin than in muscle, while
females have higher muscle sodium than skin sodium. This observation appears to be more
reliable with increased age.
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Fig. 1.
(a) Lower part of the 3T sodium knee coil. Inside the coil there are four calibration standards

fixed in a phantom holder. A concave cover with a hard smooth surface (as pointed out by
the white arrow) is slid open to display the phantoms. (b) During imaging, the skin is in
direct contact with the surface of the cover.
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Fig. 2.
Sodium image on a plastic jar phantom (inner diameter = 14cm, volume = 3.5L) filled with a

50mM aqueous NaCl solution to evaluate the sodium coil homogeneity. The phantom image
was acquired using the same sodium imaging technique as for human imaging. Since the
image was highly uniform, B4 calibration was unnecessary.
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Fig. 3.
(a) mDixon water image of the lower leg with five muscle subgroups labeled: anterior

compartment (including tibialis anterior and extensor digitorum longus) - red, peroneus -
green, soleus - blue, medial gastrocnemius - cyan, and lateral gastrocnemius - gold. (b) The
sodium image was interpolated to the same in-plane resolution as the mDixon image to
directly overlay the muscle regions defined on (a). These regions were adjusted to exclude
vessel pixels as well as to reduce partial volume effects. The skin ROl (purple) was drawn
on the sodium image along the cross section of the concave cover, and phantom ROIs were
drawn on sodium image as indicated by the red circles (left to right corresponds to sodium
concentrations of 10mM, 20mM, 30mM, and 40mM).
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Fig. 4.

Sciltter plot of ATSC = (TSCruscle = TSCskin) Versus age for male group (blue) and female
group (pink). |ATSC| appears to increase with the increase of age for both males and
females, which is supported by the linear regressions (with correlation coefficient r and P
value reported). Note that the ATSC of males tends to be more variable in younger subjects.

Magn Reson Imaging. Author manuscript; available in PMC 2018 February 01.



Page 13

Wang et al.

8L ¥6°91 9.'v¢ M o1 viy 0L'T 4 ¥S

66°C TVl oT'LT M §'€C S'€S 19T E| 99

€T0- 69°GT 9v'ST M L'CE 6'88 99T E| T9

190°0- 8671 16T v 19¢ Tl 0L'T N 9

0L¢- S8°LT ST'ST M 6°¢c 9¢L 8LT N 9€

€2°0- LT 0Cc'LT M 9'9¢ 918 SL'T N 8¢

¢0'S- 05'€c  8¥'8T v 6'6€ G9ET 68’1 N T8

re- 451 69vT M L'€C 6L €8T N 69

Te¢¢- G.'0¢  €9'8T M '8¢ ¥'16 08'T N 89

G8'9- ¥6'G¢  80'6T v €8¢ 6.6 98T W 0

V0 SL'ET 8TVl v €ov 474 6L'T N 9€

s-0T x0T'e ~d 6LT eLIT €567 v v'ee LS. 08'1 N 14
8v'c ?8'ST  0e8T v r'ze 096 LT W 9

¢Se- 8T'6T 99°GT v 0°/L¢ L'28 SL'T N 87

0€9- qT'ec G897 M TGe 00T LT N 69

€8¢ 0917 EY'8T v €'6¢ 9'88 18T N T8

¥€0- 08T 0L°LT M v'ie 6201 18T N 6%

070 9¢'LT 9E'LT v ¥'0€ 0111 16'T N 1%

¢9'e- 6587 96'vT M 8'Lc 0'€6 €8'T N T8

68¢— 180¢ 86'LT M L2 6°86 68'T N 99

vee- ¢0'8T L9°GT M v've €cL LT N 6L

¢9'e- G8'97 €CET M §'ce [ 8L'T N 89

T19°G- 9€'ve  GL'8T M ¥'Ge 068 €8T N cL

(upis-91osNW) OSLV  UDIS 9IS
1591 WINS YueJ UOX0I|IAA q 3% (1Ing) xopul sselN Apog  (BX) ybrapy  (Ba18w) ybleH e X8S  (saeak) aby

(Nw) oS

"UIYs pue 8jasnwW Ul uonIsodap WNIPOS UssMIBQ oUBIBYIP 8y} JO (,_0Tx0'T >

J) Weulwalap ueaiubis Ajeansiels ayl |1s Si Xas ‘|Ng pue abe Jo s19a148 syl J0J JUNOJJE 01 UoIssalbal Jeaul] ajdinw e Buisn UaYAA "WINIPOS UIXS UBY)
wINIpos 8josnwi Jaybly sAeY Safewa) d[IYM ‘8JoSNLU Ul UBY) UIXS Ul WNIpos Jsleaih Buiney sefew yim ‘(_0Tx0T'E =) PBAISSAO SI 8dUaIaIP JudYIUBIS

v “(UD{S pue 8]9snW u1) uonNGLISIP WNIPOS JO 82UBA3[3J X8S 8} SUILLEXS 0] 1S3} WNS YUl UOXO0IIAA B 104 Indul 8y} Se paindwiod Sem uIys pue ajasnw
usamMi1ag (DS1V) 2oualayip wnipos 'sdnoJb ajewa) pue ajew Joj UIYS pue 9|asnw Ul UOIRIIUSIUOI WNIPOS pue SJ1IsLIs)dReyd dlydeibowsap Jo Arewwns

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2018 February 01.



Page 14

Wang et al.

"UBISY — W ‘UBDLIBWY UBDLIY — WV ‘B]IUM — M 898l JO SUONRIAIGQY

q

"3]eWa — 4 ‘B[BIA — IAl :X8S JO suoneInaIqay,

8¢'¢ 50T €8°ET v cle 089 89T E| 8¢
6T 8E'ET 0€'ST wv Sve 906 91T B} [474
¢80 8y’'0c  TETC M L'lZ 8L 89T E| 29
7] T0T¢  9L'9¢ vv L'6¢ L'E8 89T E| ¢S
11.°0T L6'VT  vL'SC v L'lZ 00L 69T B} 99
190 ¢9'€eT A4 v T'se 018 ST | 474
1917 SEVT 96'GT M Tee 899 VLT E| 0S
8¢°0- ¢9°LT €' LT M €1¢ A% 09T B} 18
oT'e SY'1T 9Sv1 M ¥'0c S'ES 91T | JAS|
100 ¢eLT  VELT M 8'8¢ €6L 99T E| ¢S
L9°€ TEET 86'9T v (A5 G0t 99T B} ¢S
190 98°€T  ¥SVT M vae €9 89T E| 0S
4474 9/°0T 6T'GT M 8'¢c 759 69T E| 09
9’6 8¢l vv'ee v €'¢eC 029 €91 B} 29
09¢ ov'et  00°GT M 61 8'¢e8 2971 E| 65
(uis-a10snW) OSLV  UBIS  BSNIN
158} WINS YUuBd UOXOI[IA\ e q9%®d  (1INg) xepul sseiN Apog  (Bx) ybispn  (eew) ybleH e X8S  (suesf) eby

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2018 February 01.



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. MR acquisition
	2.2. Data processing
	2.3. Statistical analysis

	3. Results
	4. Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1

