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scanner. For quantification, a sodium reference phantom 
was used with 10, 20, 30, and 40 mmol/L NaCl solution.
Result Tissue sodium concentration (TSC) increased as an 
effect of unloading in the orthosis leg. Relative increases 
were 17.4 ± 16.8% (P = 0.005) in gastrocnemius media-
lis muscle, 11.1 ± 12.5 (P = 0.037) in gastrocnemius lat-
eralis muscle, 16.2 ± 4.7% (P < 0.001) in soleus muscle, 
10.0 ± 10.5% (P = 0.009) in the ventral muscle group, 
and 10.7 ± 10.0% (P = 0.003) in the central muscle group, 
respectively. TSC in the control leg did not significantly 
change. In the orthosis leg, muscle volume decreased 
as follows: medial gastrocnemius muscle: −5.4 ± 8.3% 
(P = 0.043) and soleus muscle: −7.8 ± 15.0% (P = 0.043).
Conclusion Unloading atrophy is associated with an 
increase in muscle sodium concentration. 23Na MRI is 
capable of detecting these rather small changes.

Keywords Sodium · MRI · 23Na MRI · Tissue sodium 
concentration (TSC) · Quantification · Muscle unloading

Abbreviations
FoV  Field of view (FoV)
LME  Linear mixed effects
PD  Proton density
ROI  Regions of interest
SNR  Signal-to-noise ratio
TSC  Tissue sodium concentration
TSE  Turbo spin echo
TA  Acquisition time
TE  Echo time
TR  Repetition time
T2  Transversal relaxation time

Abstract 
Purpose 23Na MRI demonstrated increased tissue sodium 
concentrations in a number of pathologies. Acute atrophy 
results in muscle fibre volume shrinking that may result in 
a relative increase of extracellular volume and might affect 
sodium concentration. Thus, we hypothesized that local 
unloading of the calf muscles would lead to a decrease in 
muscle volume and an increase in muscle tissue sodium 
concentration.
Method One lower leg of 12 healthy male subjects was 
submitted to a 60 day long period of unloading using the 
Hephaistos orthosis, while the other leg served as control. 
23Na MRI and 2D PD-weighted Dixon turbo spin echo 
were obtained from the control and orthosis leg using a 3T 
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Introduction

The physiological interest in the independency of water 
and sodium balance (Drummer et al. 2000) and in the 
non-osmotical storage of sodium in skin and muscle tis-
sue (Titze et al. 2003) is currently sharply increasing. 
As a consequence, 23Na MRI has recently also become a 
prominent topic in MRI methodology and pathophysiol-
ogy as well. Some groups have focused on method devel-
opment and feasibility studies and discussed their poten-
tial for diagnostics (Lu et al. 2010; Nagel et al. 2009). 
Clinically relevant topics have been addressed, such as 
hypertension (Kopp et al. 2012, 2013), kidney failure 
(Dahlmann et al. 2015), cancer diagnostics (Ouwerkerk 
et al. 2003), muscle diseases (Constantinides et al. 2000; 
Nagel et al. 2011; Weber et al. 2012), cartilage degenera-
tion (Borthakur et al. 2000, 2006), spinal disc morphol-
ogy (Ooms et al. 2008), and multiple sclerosis (Inglese 
et al. 2010; Maarouf et al. 2014; Paling et al. 2013).

Sodium has a nuclear spin of 3/2 which leads to a quad-
rupolar moment when interacting with electric gradient 
fields. Such a coupling causes one central transition and 
two satellite transitions in ordered environments, such as 
human tissue. 60% of the NMR signal corresponds to the 
two satellite transitions and 40% of the signal originates 
from the central transition. Depending on the 23Na ion 
binding, the transversal relaxation time (T2) can result in 
two components. Within the tissue, the two satellite transi-
tions result in a fast T2 decay, whereas the central transi-
tion exhibits a slow T2 decay (Bansal et al. 2000; Ra et al. 
1986). The fact that 60% of the signal is fast decaying 
in human tissue makes 23Na MRI challenging. Fast echo 
time and sophisticated acquisition methods are required, 
and achieving sufficient signal to noise is time consum-
ing. That is why 23Na MRI is still under development and 
mostly used in pre-clinical studies. The methodological 
developments have recently been reviewed (Konstandin 
and Nagel 2014; Madelin and Regatte 2013).

A few studies have already applied 23Na MRI in skel-
etal muscle. For example, it has been shown that the tissue 
sodium concentration (TSC: defined as tissue 23Na content 
per volume) increased by 34% ± 7% during one leg toe lift 
exercise (3–4 min) (Bansal et al. 2000) or hoped on one 
leg till fatigue 8–13% (2 ± 0.6 min) (Chang et al. 2010) 
compared to baseline. Furthermore, muscle disorders such 
as Duchenne’s dystrophy or channelopathies are associated 
with increased TSC (Nagel et al. 2011; Weber et al. 2012).

Muscle wasting, at old age also called sarcopenia 
(Roubenoff 2000), is a physiological consequence of 
immobilization and unloading (Rittweger et al. 2005) and 
space flight (LeBlanc et al. 2000).

At least in young people, the disuse-related muscle atro-
phy is caused by shrinkage of muscle fibres (Narici and de 

Boer 2011). Thus, muscle atrophy is defined here as muscle 
volume loss and function loss. Since muscle fibres contain 
only little intracellular sodium, fibre shrinkage is expected 
to result in an increased relative portion of the extracellular 
Na rich compartment and, thus, in an increase in the appar-
ent 23Na concentration in MRI muscle scans. However, 
such changes in Na concentration in response to atrophy 
have not yet been assessed.

We have recently developed an exoskeleton that effec-
tively unloads the mobilizing muscle group, the plantar 
flexor triceps surae muscles, as a model of localized mus-
cle immobilization model (Weber et al. 2013). At the same 
time, this orthotic device leaves gait almost unaffected. 
Now, we have used this model in the NutriHEP study (clin-
ical trials number NCT02698878) to test the effectiveness 
of a countermeasure intervention against muscle atrophy 
and insulin resistance (Zange et al. 2017). Here, we report 
on the 23Na MRI data from this study.

We hypothesized an increase in sodium tissue concen-
tration in the calf muscles due to unloading. This hypoth-
esized effect should be explicable by shrinkage of muscle 
fibres. Accordingly, the secondary hypothesis was that the 
total 23Na content within the muscle would be unaffected 
by the atrophy. Moreover, the water and fat composition 
in the muscle was hypothesized to change towards higher 
water content in the immobilized leg.

As a tertiary aim, we were interested in how atrophy 
induced by the Hephaistos orthosis would affect the fat/
water constitution of skeletal muscle. This is because lack 
of physical activity and old age has been associated with in 
intramuscular fat accumulation as assessed by radiological 
techniques (Goodpaster et al. 2000). Contrary to the idea of 
increases fat content as a sign of muscle disuse, however, 
we had observed increases in muscular X-ray absorption 
in response to bed rest (Rittweger et al. 2013). As X-ray 
based approaches are not specific for the assessment of 
lipid content, other factors such as enrichment of intramus-
cular blood content could explain that observation. Thus, to 
further clarify whether there are changes in intramuscular 
lipid content as a result of immobilization, we also strived 
to assess muscular fat content in the present study.

Materials and methods

Subjects

Fourteen healthy male subjects were recruited for this 
study. All of these subjects completed the interventional 
protocol, but two of them failed to attend one or more 
MRI examinations and are, therefore, not included in the 
present analysis. The remaining 12 subjects had a mean 
age of 27.3 ± 3.9 years and a mean body mass index of 
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23.0 ± 1.54 kg/m2 participated in the study. The study 
complied with the Declaration of Helsinki was approved by 
the ethics committee of the Ärztekammer Nordrhein, Düs-
seldorf, Germany, and all subjects had given their written 
informed consent before inclusion into the study. The study 
had been registered under clinical trials registration number 
NCT02698878 prior to commencement.

Study design

The NutriHEP was a randomized controlled interventional 
trial in an ambulatory setting. Muscle unloading was uni-
laterally provoked in all subjects in the lower leg muscula-
ture by wearing the HEPHAISTOS orthosis for 60 days. In 
addition to wearing the orthosis, seven subjects received a 
countermeasure using electrical muscle stimulation of the 
soleus muscle of the unloaded leg and a Lupin protein sup-
plementation, while the remaining five subjects serve as a 
control without countermeasure.

The orthotic devices were manufactured and individu-
ally adapted by ORTEMA GmbH (Markgröningen, Ger-
many). Volunteers wore the orthosis for 60 days under all 
daily circumstances from getting up in the morning until 
going to sleep in the night, but not during the night.

While the results relating to the countermeasure effec-
tiveness have already been published (Zange et al. 2017), 
this part of the study is focussing on the relation between 
muscle volume changes and muscle sodium concentration.

MRI acquisition

MRI calf muscle acquisitions were obtained with a 3T 
scanner (mMR Biograph (PET-MRI scanner based on the 
Verio system), Siemens, Erlangen, Germany) with the 
scanner body coil and a mono-resonant sodium birdcage 
coil (Rapid Biomedical, Würzburg, Germany). The 23Na 
coil has an 18 cm inner diameter and is equipped with a 
quadrature polarization on transmitting and receiving chan-
nel. Examinations were conducted 28 days before and on 
the 58th day of wearing the orthosis.

In the present analysis, we focus on TSC within lean 
muscle tissue. The examined muscles were the mobiliser 
muscles: medial and lateral gastrocnemius muscles, the 
soleus muscle, and the joint stabilizer muscles: the ventral 
muscle group (tibialis anterior, extensor digitorum longus, 
peroneus brevis, and peroneus longus muscles) and the 
central muscle group (flexor digitorum longus and tibialis 
posterior muscles). In this definition triceps, surae muscles 
work anti-gravitational (Adams et al. 2003) and all other 
muscles that are not attached to the achilles tendon are sta-
bilizer (Sangwan et al. 2014).

MRI scans were obtained at rest and in supine position 
with an additional 30 min resting phase in supine position 

before the examinations to reach a constant distribution of 
the interstitial volume. First, the immobilized leg was posi-
tioned with the muscle belly at the most sensitive area of 
the 23Na coil and the reference phantom beneath the lower 
leg. A wooden, individually configured footrest was used 
to ascertain reproducible positioning for each subject. After 
orthosis leg examination, the subject was repositioned in 
lying position for the control leg scan. The total testing 
time within the scanner room amounted to 50 min.

The literature is undetermined with regard to actual T2 
relaxation times for muscle tissue: Bansal et al. (2000) 
report 0.7–3.0 and 16–30 ms for the fast and slow com-
ponents, respectively (Bansal et al. 2000), while Ra 
et al. (1986) suggest values of 0.5–8 and 15–30 ms, 
and Constantinides et al. (2000) report 0.46 ± 0.21 and 
12.27 ± 1.94 ms for the fast and slow components (Con-
stantinides et al. 2000). In aqueous sodium solutions, 
mono-exponential T2 signal decay was found to be 20 ms 
or longer (Boada et al. 1994) or values were ranging from 
30 to 50 ms (Ra et al. 1986), respectively. Another group 
found a strong temperature variance of  T2 signal decay 
in saline solutions 37–75 ms (2–50 °C) to 52 ms (21 °C) 
(Nagel et al. 2011).

In the intracellular compartment of skeletal muscles, 
typical sodium concentrations are 10–20 mmol/L. In the 
extracellular compartment, sodium concentration typically 
is 145 mmol/L. The extracellular compartment accounts 
for 10–15% of total muscle volume (Bansal et al. 2000). 
With this extracellular fraction, the total tissue sodium 
concentration in muscles is given in the range of 24.5–
41.75 mmol/L. This is in agreement with Constantinides 
et al. (2000), who have reviewed the literature for tissue 
sodium concentrations determined from muscle biopsies 
and suggest 29.5 mmol/kg of wet weight ±2.4 as mean 
(Constantinides et al. 2000).

In consideration of the above, we acquired 23Na MRI 
with a customized 2D gradient echo sequence similar to 
(Kopp et al. 2012) with the following parameter: frequency 
32.602134 MHz, acquisition time (TA) 13:40 min, repeti-
tion time (TR) 100 ms, echo time (TE) 1.91 ms, flip angle 
90 , average 128, and bandwidth 401 Hz/Px. The field of 
view (FoV) covered 192 × 192 mm with a 64 × 64 matrix 
which resulted in a resolution of 3 mm. The slice thickness 
was set to 30 mm.

For T2 relaxometry, the gradient echo was repeated to 
obtain an echo train. Ten images at timepoints from 1.91 
to 26.36 ms with a constant echo spacing of 2.73 ms were 
acquired.

For the assessment of muscle volume, water and fat 
contents a 2D proton density (PD)-weighted Dixon TSE 
(turbo spin echo) sequence was used with the following 
parameters: TA 2:48 min, TR 3000 ms, TE 11 ms, flip 
angle 180°, and bandwidth 292 Hz/Px. The FoV covered 
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192 × 192 mm with a 256 × 256 matrix which resulted in 
a resolution of 0.75 mm. The slice thickness is 5 mm with a 
gap of 5 mm in-between slices.

Sodium coil excitation homogeneity was controlled by a 
saline water probe that filled out the coil diameter.

Muscle volume analysis

The 17 slices that were acquired (1H TSE) from the calf 
muscle belly were utilized for muscle segmentation and 
subsequent volume estimation. The following calf muscles 
were differentiated (Fig. 1): medial gastrocnemius muscle, 
lateral gastrocnemius muscle, soleus muscle, ventral mus-
cle group, and central muscle group. The muscle volumes 
were estimated by multiplying the segmented muscle area 
from the 17 slices with the slice thickness.

Tissue sodium concentration analysis

TSC was determined by comparison with the external ref-
erence phantoms that contained 10, 20, 30, and 40 mmol/L 
NaCl solutions (Kopp et al. 2012). For registration of 
23Na and 1H scans, image orientation was transversal in 
the magnets’ isocenter. The FoV covered the same area, 
which allowed transposing the regions of interest (ROI) 
of the above-mentioned muscle segmentations to the 23Na 
images. A linear model was calculated from ROIs of the 
reference phantom tubes for the calibration of the muscle 

tissue concentration. Vessels and skin tissue are sodium 
rich; these high intensity peaks were excluded in the seg-
mentation. Delta TSC values resulted by subtracting post 
period from baseline TSC values.

Sodium content in mmol was calculated by multiplica-
tion of the TSC in mmol/L with the analysed muscle vol-
ume in litres.

Signal-to-noise ratio was calculated according to 
SNR = S/N, where S is the mean signal intensity from mus-
cle tissue and N is the standard deviation of background 
noise. The mean SNR of the 23Na MRI in muscle tissue 
was 7.61 ± 0.69. To measure the reproducibility of our 
outcome variables, we repeated measurements on a phan-
tom 40 times. The phantom had a known aqueous sodium 
solution of 14 mmol/L. The estimated concentration is 
13.37 ± 0.6 mmol/L.

Sodium T2
* relaxomtery

Sodium T2
* signal decay was derived from muscle ROIs of 

medial and lateral gastrocnemius, soleus, ventral muscle 
group, and the central muscle group. For sufficient signal-
to-noise ratio, the mean signal intensity of the voxels from 
all muscles was used. The noise offset from image back-
ground was subtracted from the signal intensity.

For the T2
* signal decay in the phantom aqueous sodium 

solution, a mono-exponential fitting function (1) was uti-
lized with three parameters:

with S0 signal intensity sodium solution, T2
* relaxation time, 

and S1 offset which is caused by noise.
For muscle tissue, a bi-exponential fitting function (2) 

was used with five parameters:

with S0 signal intensity from the fast decaying component 
S1 signal intensity from the slow decaying component, T2

*
_f 

relaxation time of the fast decaying component, T2
*
_s relaxa-

tion time of the slow decaying component, and S3 offset 
which is caused by noise.

The fraction of the fast (Ff) and slow (Fs) decaying T2
* 

components is calculated with the following formulas (3) 
and (4):

To determine the mono and bi-exponential fit function, 
a multidimensional unconstrained nonlinear minimization 
(Nelder–Mead) was utilized in MATLAB (Release 2012b, 

(1)F(TE) = S0×e
−

TE
T2∗ + S1,

(2)F(TE) = S0×e
−

TE
T2∗_f + S1×e

−
TE

T2∗_s + S3,

(3)Ff = 100×S0/(S0 + S1)

(4)Fs = 100×S1/(S0 + S1).

Fig. 1  Muscle segmentation of orthosis leg baseline acquisition with 
Dixon TSE opposed phase image: m. gastrocnemius med. (red), m. 
gastrocnemius lat. (light green), m. Soleus (blue), ventral muscle 
group (yellow), and central muscle group (cyan) (color figure online)
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The MathWorks, Inc., Natick, MA, USA). The ordinary 
least squares cost function 

∑
(F(TEi)− y((TEi))

2 was 
solved with randomly chosen starting values to avoid local 
minima solutions. The optimization was repeated 10,000 
times and the solution with the highest R2 value was chosen.

Fat and water fraction analyses

The fat and water fractions were assessed by the pixel 
signal intensities of the in-phase water and in-phase fat 
DIXON images according to the following formulas (5) 
and (6) (Fischer et al. 2014):

Statistics

All statistical analyses were performed with IBM SPSS 
(V.21, Chicago, IL). Group mean values with their SD were 
calculated for each muscle of interest.

Linear mixed-effects (LME) models were constructed 
with period (baseline: pre immobilization vs. post: state 
end of orthosis period), leg (control leg vs. orthosis leg), 
and group (control vs. countermeasure) as fixed effects, 
and with subject as random effect. All possible interactions 
(including three-way) were included in the initial models. 
Model simplification strategy then started with elimination 
of the three-way interaction. Normally distributed residu-
als were required for model acceptance. Significance was 
assumed at P < 0.05. Moreover, normal distribution of the 
raw data was verified by Kolmogorov–Smirnov test.

Two-tailed t test was utilized after LME to follow up 
on significant ANOVA effects. Pearson correlation (r) was 
used to test for a relationship between changes in muscle 
volume and sodium content.

Results

TSC and sodium content, as well as changes over time in 
these variables were comparable between the two subject 
groups for all muscles (medial gastrocnemius P = 0.176; 
other muscles P > 0.26). Therefore, the control subjects 
and training subjects were lumped together in the subse-
quent statistical analyses and are reported as one group in 
the following.

23Na tissue sodium concentration (TSC)

TSC increased from baseline to post period in the ortho-
sis leg, whereas no significant changes occurred for TSC 
in the control leg. Detailed LME statistical analysis 

(5)Water fraction (WF) = SIwater/(SIfat + SIwater)

(6)Fat fraction (FF) = SIfat/(SIfat + SIwater).

of TSC is given in Table 1. 23Na MRI results from the 
baseline and post acquisitions of calf cross section are 
depicted in Fig. 2 for the orthosis leg.

Testing TSC (Table 2) with paired t test revealed 
an increase from baseline to post period in all muscle 
groups of the orthosis leg. Predominantly, TSC increased 
in triceps surae muscles, namely, by 17.4 ± 16.8% 
[t(11) = −3.553, P = 0.05] in the medial gastrocnemius 
muscle, by 11.1 ± 12.5% [t(11) = −2.366, P = 0.037] 
in the lateral gastrocnemius muscle, and by 16.2 ± 4.7% 
[t(11) = −11.221, P < 0.001] in the soleus muscle. TSC 
increased to a lesser extent in the ventral muscle group 
by 10.0 ± 10.5% [t(11) = −3.160, P = 0.009] and in the 
central muscle group by 10.7 ± 10.0% [t(11) = −3.831, 
P = 0.003]. The delta TSC percentage values for the 
orthosis and control leg are depicted in Fig. 3. 

LME analysis of the sodium content found effects 
of period and of leg in the mobilizer muscle group and 
ventral muscle group only (Table 3). The paired t test 
revealed an 17.7 ± 23.08% increase of sodium con-
tent (Table 4) in the lateral gastrocnemius muscle in the 
control leg [t(11) = −2.970, P = 0.013] from baseline 
to post period. In the orthosis leg, the sodium content 
increased by 10.4 ± 12.3% in the muscle group of the 
ventral muscle group [t(11) = −3.027, P = 0.012]. 

Muscle volume

LME revealed period and leg effects in the calf muscle 
volume (Table 5). Muscle volume (Table 6) decreased 

Table 1  TSC LME statistical analysis with the fixed effects period: 
baseline (pre immobilization) and post (end of orthosis period), the 
leg: control leg and orthosis leg, and the group: control subjects and 
training subjects with electrostimulation and the interaction between 
fixed effects

However, some interaction with the fixed effect group was found, no 
sole significance occurred in the fixed effect group in any muscle

Muscle Fixed effect F value P value

m. gastrocnemius med. Leg F(1, 31) = 13.123 0.001

Period F(1, 31) = 6.392 0.017

Leg × period F(1, 31) = 8.046 0.008

Leg × group F(1, 31) = 4.644 0.039

m. gastrocnemius lat. Leg F(1, 31) = 10.981 0.002

m. soleus Leg F(1, 31) = 10.443 0.003

Period F(1, 31) = 39.638 <0.001

Leg × period F(1, 31) = 13.770 0.001

Leg × group F(1, 31) = 5.150 0.030

Ventral muscle group Period F(1, 31) = 3.412 0.074

Leg × period F(1, 31) = 5.125 0.031

Central muscle group Period F(1, 31) = 3.476 0.072

Leg × period F(1, 31) = 3.317 0.078
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in the orthosis leg in the medial gastrocnemius muscle 
by −5.4 ± 8.3% [t(11) = 2.292, P = 0.043, see Fig. 4] 
and by −7.8 ± 15.0% [t(11) = 2.283, P = 0.043] in the 
soleus muscle.

In the control leg, however, muscle volume increased 
by +6.9 ± 9.1% [t(11) = −2.488, P = 0.03] in the lat-
eral gastrocnemius muscle, whereas it decreased by 
−4.7 ± 5.0% in the soleus muscle [t(11) = 3.120, 
P = 0.01] volume.

Notably, and as previously reported (Zange et al. 2017), 
muscle volume changes differed between the groups 

(control and exercise group) as for the soleus muscle but 
not for any other group.

A positive linear correlation was found between delta 
sodium content and delta muscle volume was found for 
the medial gastrocnemius muscle in the orthosis leg: 
(r = 0.788, P = 0.002) and in ventral muscle group in the 
control leg: (r = 0.599, P = 0.04) and a negative linear cor-
relation in the orthosis leg: (r = −0.608, P = 0.036).

Fat and water fractions in muscle tissue

LME revealed a leg effect for the soleus muscle [F(1, 
31) = 5.846, P = 0.022], for the central muscle group 
[F(1, 31) = 4.458, P = 0.043], and a trend for the medial 
gastrocnemius muscle [F(1, 31) = 3.917, P = 0.057]. 
No group effect occurred in any muscle. Fat frac-
tion (Table 7) decreased in the orthosis leg, as evi-
denced by paired t test [t(11) = 2.338, P = 0.039] by 
−0.54 ± 0.81% in the lateral gastrocnemius muscle, 
[t(11) = 3.451, P = 0.005] by −0.42 ± 0.42% in the 
ventral muscle group, and [t(11) = 4.133, P = 0.002] by 
−0.63 ± 0.53% in the central muscle group. No signifi-
cant changes were found in the control leg. The statistical 
evaluation of the water fraction yielded effects that were 
reciprocal to the fat fraction results.

Sodium T2
* relaxation time

T2
* relaxation times (Table 8) and fraction did not change 

significantly from baseline to post period. No interaction 
with LME between the fixed factor leg, period, and group 
occurred.

The echo train acquisition of the saline water probe 
from homogeneity testing resulted in a mono-exponential 
decay of 43.3 ms ± 1.82 ms (R2: 0.9749 ± 0.0027).

Fig. 2  Pre and end of orthosis 
period 23Na MRI acquisition 
of the orthosis leg at the calf. 
Reference phantoms beneath the 
leg appear in different intensi-
ties due to its sodium concen-
tration (from left to right: 10, 
20, 30, and 40 mmol/L NaCl 
solutions)

Table 2  Tissue sodium concentration (TSC) given in mmol/L for the 
analysed muscles of the control and orthosis leg during baseline and 
after 60 days intervention

Countermeasures revealed no effect on TSC; therefore, the counter-
measure group and control group were put together

* Significance (P < 0.05) assessed by a paired t test from baseline to 
post period

Muscle Leg TSC baseline 
(mmol/L)

TSC post 
(mmol/L)

m. gastrocnemius 
med.

Control 11.2 ± 1.7 11.2 ± 1.1

Orthosis 11.6 ± 2.2 13.5 ± 2.4 *

m. gastrocnemius 
lat.

Control 11.3 ± 2.4 11.2 ± 1.7

Orthosis 12.1 ± 3.6 13.2 ± 3.1 *

m. soleus Control 13.5 ± 1.7 14.0 ± 1.3

Orthosis 13.3 ± 1.1 15.5 ± 1.5 *

Ventral muscle 
group

Control 11.9 ± 1.1 11.8 ± 0.9

Orthosis 11.4 ± 1.1 12.5 ± 1.4 *

Central muscle 
group

Control 11.5 ± 1.5 11.5 ± 1.1

Orthosis 11.2 ± 1.2 12.3 ± 1.4 *
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Discussion

The major finding of this 23Na-MRI study was an increase 
in the sodium concentration in lower leg musculature 
after 60 days of wearing the Hephaistos orthosis. Tissue 
sodium concentration is generally understood as the 23Na 
content measured volumetrically, and thus, content per 
volume is concentration. However, whereas the sodium 
concentration was clearly increased, its content was gen-
erally un-changed. One might conclude from this that the 
observed increases in concentration merely resulted from 
the reduction in distribution volume that is associated 
with the immobilization-induced muscle atrophy. This 
would fit to our hypothesis that the low sodium intracel-
lular compartment of the muscle fibres was shrinking, 
while the sodium rich extracellular space remains almost 
constant.

The observed increases in TSC occurred quite gener-
ally throughout the whole lower leg musculature in the 
orthosis leg. They were most pronounced (~15%) in the 
mobilizer muscle group, but were also present (~10%) in 
the ventral muscle group and the central muscle group. 
The changes found are in the range of clinical relevance, 
i.e., sodium concentration of muscle tissue after dialysis 
(Dahlmann et al. 2015) and muscle TSC in hypertensive 
patients (Kopp et al. 2013). This leads to the rationale 
that the increases in TSC were mainly caused by muscle 
atrophy by wearing the orthosis. In addition, a change in 
the ratio of extracellular vs. intracellular volume likely 
occurred and sodium concentration increased corre-
spondingly in at least one of the two compartments. The 
utilized method is not capable of distinguishing the ori-
gin of the sodium concentration or content. For further 
investigations regarding the signal origin (intra- or extra-
cellular space), advanced tools such as tipple quantum fil-
tering could be used to identify signal from the intracel-
lular compartment (Allis et al. 1991), though low SNR is 
a big issue.

It is known that muscle atrophy results in muscle cell 
shrinking mainly by intracellular protein loss. On the one 
side, intracellular sodium concentration should increase 
by osmotic pressure; on the other side, the sodium potas-
sium pump keeps the intracellular sodium concentra-
tion constant in a narrow band. The question is when 
this mechanism gets out of kilter, which is in particular 
interesting for pathophysiology and early stage detec-
tions. Notably, it is hypothesized that a reduced nerve 
drive is the cause for less rate of force development in 
elderly (Aagaard et al. 2010). A disturbed intra- and 
extracellular sodium balance would affect the develop-
ment of action potential that would be in consistence 
with the aforementioned hypothesis. The effect of extra-
cellular and intracellular volume shifts was likely largest 

Fig. 3  Delta TSC from baseline to post period in muscle tissue of 
interest in control and orthosis leg. 23Na MRI revealed elevated TSC 
in all muscle groups in post period in orthosis leg. No changes can be 
found in TSC in the control leg. The asterisk indicates significance 
(P < 0.05) assessed by a paired t test from baseline to post period

Table 3  Sodium content LME statistical analysis with the fixed 
effects period: baseline (pre immobilization) and post (end of orthosis 
period), the leg: control leg and orthosis leg, and the group: control 
subjects and training subjects with electrostimulation and the interac-
tion between fixed effects

Muscle Fixed effect F value P value

m. gastrocnemius med. Leg F(1, 31) = 9.261 0. 005

m. gastrocnemius lat. Period F(1, 31) = 4.776 0. 037

Ventral muscle group Period F(1, 31) = 4.484 0. 042
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in those mobilizer muscle group treated by the orthosis 
and the electrostimulation countermeasure. Nevertheless, 
extracellular and intravascular fluid changes may not be 

excluded from the variable sodium signal patterns found 
in both intramuscular tissue structures but also in the 
vascular space. Interestingly, mobilizer muscles treated 
by orthosis only showed a significant loss in strength, 
whereas the corresponding muscle group additionally 
treated by electrostimulation did not lose strength (Zange 
et al. 2017). Therefore, the increase in sodium concen-
tration by unloading in the orthosis likely did not affect 
muscle contraction.

Another influencing aspect on TSC is the microvascular 
adaptation, which can occur as a result of muscle unload-
ing and electrostimulation (Hudlicka 1985). Potentially, 
the capillary density may increase by these factors and lead 
to increased blood volume. Blood is sodium rich (~140 
mMol/L) and thus would increase the apparent sodium 
concentration of a muscle. TSC values for the training 
group were not different from the control group and were 
pooled together. Thus, electrostimulation seems to have a 
negligible effect on TSC. The muscular water amount did 
not or changed only slightly, which excludes water accu-
mulation and makes big blood volumes unlikely. In this 
study, we can exclude influence of capillarization on TSC. 
Histological analysis revealed no difference in capillary 
density and the average capillaries per fibre ratio between 
baseline and unloading biopsy samples. The details will 
be published separately. The general influence of capillary 
density increase on TSC in the musculature needs further 
investigation.

The present results also help to better understand the 
nature of the increased muscle x-ray attenuation after 
bed rest. First, the fact that the water and fat fractions 
were increasing and decreasing, respectively (albeit by 
a small amount), support the notion of decreased intra-
muscular lipid concentration as a result of immobiliza-
tion (Desplanches et al. 1998), at least in young people. 
It had been speculated that bed rest-related fluid shifts 
might also be involved in increased leg muscle X-ray 
attenuation (Rittweger et al. 2013). The present result is 

Table 4  Sodium content in the 
whole section of an analysed 
muscle given in mmol of the 
control and orthosis leg during 
baseline and after 60 day 
intervention

* Significance (P < 0.05) assessed by a paired t test from baseline to post period

Muscle Leg Sodium content baseline (mmol) Sodium content post (mmol)

m. gastrocnemius med. Control 0.385 ± 0.15 0.392 ± 0.13

Orthosis 0.420 ± 0.15 0.455 ± 0.14

m. gastrocnemius lat. Control 0.179 ± 0.07 0.200 ± 0.06*

Orthosis 0.183 ± 0.07 0.204 ± 0.08

m. soleus Control 0.829 ± 0.19 0.827 ± 0.20

Orthosis 0.824 ± 0.16 0.853 ± 0.24

Ventral muscle group Control 0.503 ± 0.09 0.507 ± 0.07

Orthosis 0.499 ± 0.07 0.551 ± 0.09*

Central muscle group Control 0.141 ± 0.03 0.146 ± 0.04

Orthosis 0.140 ± 0.05 0.144 ± 0.04

Table 5  Muscle volume LME statistical analysis with the fixed 
effects period: baseline (pre immobilization) and post (end of orthosis 
period), the leg: control leg and orthosis leg, and the group: control 
subjects and training subjects with electrostimulation and the interac-
tion between fixed effects

Muscle Fixed effect F value P value

m. gastrocnemius med. Period F(1, 31) = 4.223 0.048

m. gastrocnemius lat. Leg F(1, 31) = 6.560 0.016

Leg × period F(1, 31) = 4.426 0.044

m. soleus Period F(1, 31) = 10.771 0.003

Table 6  Calf muscle volumes estimated from 17 slices with a inter 
slice gap of 5 mm and a 5 mm slice thickness in the orthosis and con-
trol leg during the baseline and at the end of orthosis period

* Significance (P < 0.05) assessed by a paired t test from baseline to 
post period

Muscle Leg Volume baseline 
(ml)

Volume post (ml)

m. gastrocnemius 
med.

Control 113.0 ± 33.0 113.2 ± 31.2

Orthosis 116.1 ± 31.4 109.0 ± 27.2*

m. gastrocnemius 
lat.

Control 60.7 ± 19.9 64.1 ± 19.9*

Orthosis 59.8 ± 21.6 55.8 ± 21.0

m. soleus Control 205.9 ± 31.9 195.9 ± 29.7*

Orthosis 208.7 ± 29.0 190.9 ± 30.5*

Ventral muscle 
group

Control 138.5 ± 14.8 140.2 ± 14.2

Orthosis 142.7 ± 16.6 141.1 ± 17.3

Central muscle 
group

Control 47.1 ± 10.8 47.6 ± 8.3

Orthosis 47.4 ± 12.9 44.7 ± 11.5*
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compatible with that notion, and they demonstrate that 
the question could be addressed by combined 23Na and 
fat imaging in a bed rest scenario.

The present data also offer space for some methodo-
logical considerations about 23Na imaging. The T2

* fraction 

finding, estimated by the relaxation fit, seems consist-
ent with 60% signal intensity from the satellite transi-
tions in ordered tissue and T2

* relaxation times are in the 
range of the literature (Bansal et al. 2000; Constantinides 
et al. 2000; Ra et al. 1986). On contrary to T2, T2

* relaxa-
tion times are affected by magnetic field inhomogeneities 
and are, therefore, lower. As the slow and fast decaying T2

* 
fractions depend on the tissue composition (Berendsen and 
Edzes 1973), changes in the tissue composition could alter 
the fraction (Rooney and Springer 1991; Shinar and Navon 
1986). However, this fraction was comparable between 
baseline and end of orthosis phase. This finding should be 
considered critically. The method used to determine the fast 
T2

* component is in-appropriate, because the first TE is in 
range of the expected T2

* value. This results in high standard 
deviations in the fast decaying component and in the frac-
tion values. Nevertheless, the slow decaying component is 
still valuable though not sensitive enough in this case.

This study has more limitations. The determination 
of TSC is not given in absolute quantitative values. TSC 
quantification is a rather relative comparison between 
baseline and end of orthosis values. T2 effects lead to sig-
nal loss which vanishes faster in tissue than in water solu-
tions. Moreover, the calibration phantom gives signal 
from watery diluted sodium, which provides a relative 
comparison of signal intensities only. As an aqueous solu-
tion, the reference phantoms are lacking a fast T2 com-
ponent. Due to its spin, 3/2 sodium has a bi-exponential 

Fig. 4  Positive linear cor-
relation between delta sodium 
content and delta volume in 
medial gastrocnemius muscle in 
the orthosis leg was found

Table 7  Baseline and end of orthosis period fat fraction in the calf 
muscles obtained from the 17 slice DIXON acquisition in the orthosis 
and control leg

* Significance (P < 0.05) assessed by a paired t test from baseline to 
post period

Muscle Leg Fat fraction base-
line (%)

Fat fraction post 
(%)

m. gastrocnemius 
med.

Control 10.7 ± 1.2 10.6 ± 1.3

Orthosis 10.2 ± 1.2 9.9 ± 1.2

m. gastrocnemius 
lat.

Control 10.8 ± 0.9 10.6 ± 0.8

Orthosis 10.8 ± 1.4 10.3 ± 1.0*

m. soleus Control 10.8 ± 1.7 10.7 ± 1.7

Orthosis 10.9 ± 1.5 11.2 ± 2.0

Ventral muscle 
group

Control 10.2 ± 1.4 10.0 ± 1.3

Orthosis 10.8 ± 0.8 10.4 ± 0.9*

Central muscle 
group

Control 10.1 ± 1.5 9.7 ± 1.4

Orthosis 10.9 ± 0.9 10.3 ± 0.9*
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transversal relaxation T2 decay in biological tissue. There-
fore, sequences with short echo times (TE) and appropri-
ate acquisition techniques are necessary for the acquisi-
tion of both components. Different sequences result in 
different sodium concentrations estimated in healthy sub-
jects: 28.4 ± 3.6 mmol/kg of wet weight (Constantinides 
et al. 2000), 18.9 ± 1.9 mmol/L (Kopp et al. 2012) and 
24 ± 2 mmol/L (Nagel et al. 2011) all in the calf muscle 
tissue. One reason for this is the different TE and acquisi-
tion strategy used. Here, we used a rather long TE, which is 
not capable of capturing the entire fast T2 component and, 
therefore, mainly allows conclusions about the concentra-
tion of water dissolved sodium. The quantification of saline 
water probe is slightly underestimated by less than 5%.

A more striking argument why prior published TSC val-
ues might differ is that none of the compared publications 
stated how long the subjects or patients rested in lying posi-
tion for water equilibrium before the examination. In this 
study, subjects rested 30 min in supine position. This leads 
to less extracellular fluid amount in the lower body. The 
extracellular fluid mainly contributes to the TSC signal, and 
thus, less fluid might result in lower overall muscle TSC.

All in all, 23Na MRI is a considerable challenging 
method for sodium detection. 23Na MRI suffers from poor 
signal resolution, large voxel size, and long acquisition 
times (Bangerter et al. 2016).

Conclusion

In conclusion, the 23Na MRI approach chosen in this study 
is sensitive enough to find an increase in muscle TSC after 
60 days of muscle unloading. This effect of wearing the 
orthosis was only gradually different between the mobi-
lizer muscle group and the other muscles in the lower leg. 
Furthermore, the increase in TSC was not affected by elec-
trostimulation of triceps surae muscles in the countermeas-
ure group. Therefore, further examinations are needed to 
study the underlying mechanism. Nevertheless, quantifying 
sodium could become a promising indicator for early non-
invasive diagnosis of muscle pathologies.

For future physiological studies on muscle wasting, a 
more frequent sampling of the subjects could be performed. 

To overcome the problem of acquiring the fast transversal 
T2 decay techniques such as the density-adapted three-
dimensional radial projection reconstruction (DA-3DPR) 
(Nagel et al. 2009), the flexible twisted projection imaging 
(flexTPI) (Lu et al. 2010) should be performed. These pulse 
sequences were capable of very fast echo times by a radial 
sampling of the k space.
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