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Abstract 
Background: Increased sodium storage has been found chronic kidney disease patients. 

Sodium concentration is therefore proposed to be assessed as clinical biomarker in kidney 

failure intervention studies. To implement this, sodium concentration needs to be quantified. 

The goal of this study was to inspect the feasibility and repeatability of quantifying sodium 

concentration in muscle and skin of healthy subjects with 23Na-MRI at 7T. 

Methods: 10 healthy participants were scanned on a 7T MRI using a double-tuned 

transmit/receive RF coil with two sodium and two proton channels. 4 ROIs were analysed: m. 

gastrocnemius, m. soleus, m. tibialis anterior and the skin. Quantification was done using 

reference phantoms with known sodium concentrations. Intersession and intrasession 

repeatability were assessed in 15 min 3D FFE and 5 min 3D FFE sodium scans with Bland-

Altman plots and the coefficient of repeatability. Accuracy was evaluated by comparison to 

literature. An exercise test was performed as a proof of concept to test physiological differences 

in a short time frame using multiple 5 min scans.  

Results: 15 min scan found mean sodium concentrations of 16.7±3.8 mmol/L 

(gastrocnemius), 15.6±4.1 mmol/L (soleus), 10.8±2.4 mmol/L (tibialis anterior) and 15.5±2.8 

(skin). Coefficient of repeatability for gastrocnemius, soleus, tibialis anterior and skin in 15 

min scans are respectively: 51.8%, 48.9%, 25.3% and 49.7%. 5 min scan found mean sodium 

concentrations of 17.3±3.0 mmol/L (gastrocnemius), 13.6±3.7 mmol/L (soleus), 7.4±2.1 

mmol/L (tibialis anterior) and 15.2±2.1 mmol/L (skin). Coefficient of repeatability for 

gastrocnemius, soleus, tibialis anterior and skin in 5 min scans are respectively: 59.2%, 24.0%, 

34.4% and 32.6%.  

Conclusion: Proposed quantification method showed good accuracy in the 15 min scan, but 

showed inadequate repeatability for determining physiological differences in renal disease 

patients. The 5 min scan showed both poor accuracy and repeatability. For this method to be 

implemented in intervention studies, improvements in repeatability and accuracy should be 

made.   
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Introduction 
Chronic kidney disease (CKD) is one of the lead causes of mortality, an estimated 800 million 

people are affected worldwide and no cure has yet been found [1]. There are different stages 

in CKD, once diagnosed there are treatment options to prevent the disease from evolving into 

the next stage. In final stages of CKD, end-stage kidney disease (ESKD), the prime treatment 

options are haemodialysis (HD), peritoneal dialysis (PD) or a kidney transplant.  

One of the main factors playing a role in kidney failure is sodium; increased sodium intake can 

lead to many toxic side effects in renal disease patients. Recent research has shown that 

increased sodium storage in the skin has been linked to several clinical biomarkers and may 

have adverse effects on many biological processes such as inflammatory response and 

osmoregulation in the human body [2,3]. Excess sodium storage has been found in the muscles 

and skin of the lower leg in maintenance HD and PD patients [4], as well as general CKD 

patients [5]. Another study showed sodium storage in muscle tissue has been linked to local 

and systemic inflammation, which is associated with risk for cardiovascular diseases and 

consumes protein-energy of end-stage kidney disease (ESKD) patients [6]. These findings 

show that sodium accumulation in the body is a possible side effect of kidney failure. Sodium 

can therefore be used as a clinical biomarker in measuring the effects of interventions such as 

medication, dialysis and diet in renal disease patients. To be able to implement this clinically, 

sodium concentrations in the human body need to be quantified.  

Quantification of sodium deposition in the body can be non-invasively imaged and quantified 

at tissue level with 23Na-MRI. In clinical research 23Na-MRI is used to provide quantitative 

information on biochemical processes in the human body, adding to the anatomical data 

provided by conventionally used proton MRI. However, there are a few obstacles with 

implementing 23Na-MRI in a clinical setting. The main factor is that sodium gives a 

significantly lower signal than 1H-MRI scans. Signal-to-noise is much lower in 23Na-MRI 

compared to 1H-MRI because of 1) a lower natural abundance of sodium in the body (~10.000x 

less than hydrogen), 2) a lower gyromagnetic ratio (approximately ¼ of that of H) and 3) a 

fast, bi-exponential decay of the sodium signal due to the quadrupolar nature of the sodium 

nucleus (spin I = 3/2) [7,8]. This bi-exponential decay means there are two T2* relaxation 

time constants: the short T2* with ~ 0.5-3 ms and the long T2* with ~ 7-10 ms [9]. It is 

therefore important in sodium imaging that a short echo time (TE) is used to get enough signal 

to create an image [10]. With the arrival of ultra-high field scanners (7 Tesla) TE can be as 

short as a few milliseconds and enough sodium signal can be acquired to create an image. To 

use 23Na-MRI to image sodium in the muscles and skin, the resolution of a scan should be 

good enough to resolve these tissues, thus concentrations in these different tissues can be 

quantified. In previous studies this has been done by comparing tissue groups to phantoms 

with known sodium concentrations [11]. A trade-off is made between resolution and signal 

intensity, this is especially prevalent in sodium imaging. Smaller voxel sizes increase 

resolution but significantly decrease signal intensity per voxel, resulting in too little signal to 

quantify the sodium concentration. Resolution should therefore be carefully chosen.  

The goal of this study is to set up a method to quantify sodium concentrations of muscle groups 

and the skin in the calf using 23Na-MRI at 7T. The method is validated by comparing precision 

and accuracy to literature of previous intervention studies. If proven sufficient, this method 

can be used to determine the effect of future intervention studies in CKD, HD and PD patients.   
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Methods and materials 
All measurements were performed on a 7-T MRI scanner (Philips Healthcare, Best, The 

Netherlands). A double-tuned transmit/receive RF coil with two sodium and two proton 

channels was used.  

 

Study participants 

In total ten healthy test subjects were included. The age of the study participants were between 

24 - 76 years, of whom five were men and three were women, their BMI ranging between 23.6 

– 26.4 kg/m2. In all participants four regions of interest (ROI) were analysed: three muscle 

groups (m. gastrocnemius, m. soleus and m. tibialis) and one small selected area of skin. The 

ROIs were drawn in a similar way to a study by Zaric et al, see figure 1.  

 

Figure 1: An example of the ROIs drawn on a FFE proton scan. 1 = m. gastrocnemius, 2 = m. 

soleus, 3 = m. tibialis anterior and 4 = skin. 

 

Standard scan routine 

The total scan routine for acquiring the proton and sodium scans took approximately 1 hour, 

including 10 minutes positioning the participant in the coil. The standard scan routine is 

shown in figure 2 below.  

 

Figure 2: Flow chart of the standard scan routine (exam card) per session to acquire sodium 

and proton scans per participant.  
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1. Proton scan survey 

At first a proton scan was made as a survey to see if the phantoms were correctly positioned in 

respect to the lower leg. The phantoms should be placed next to the upper part of the lower 

leg, so all muscles are visualised in the scan. 

2. Sodium coil check 

Only a small part of the sodium coil is sensitive, so a quick sodium scan was made to ensure 

the phantoms were placed in the sensitive area.  

3. B0 map and coarsely drawn B0 shim 

A B0 map was made to see the homogeneity of the magnetic field. Then an ROI with the 

phantoms and lower leg was coarsely drawn (a generic circle around all the objects) 

throughout all the slices (creating a VOI) with an MR code tool to acquire B0 shim values. 

These values were then applied in the scans from step 4 to 7.  

4. f0 sodium calibration 

The centre frequency of sodium needs to be tweaked to the precise frequency the sodium 

nuclei are resonating at.  

5. 2x 5 min sodium 3D FFE 

A 5 minute sodium scan is made twice using a 3D Fast Field Echo (FFE), resolution 5 x 5 x 25 

mm3, FOV 350 × 194.4 × 125 mm3, TR = 90 ms, TE = 2.8 ms, NSA = 30. Kspace is filled by 

Cartesian sampling. 

6. DIXON 

A DIXON scan is made with the coarsely acquired B0 shim.  

7. B0 map with coarsely acquired shim values 

The B0 map with the new shim values acquired by the coarsely drawn ROI is now made. This 

step is performed at this point in the scan routine to minimise the time between step 4 and 5 

to be able to scan as quickly as possible in case an exercise protocol was performed. 

8. Precise B0 shim 

A more precisely drawn B0 shim is made by drawing an ROI closely around the phantoms and 

the lower leg through all the slices of the scan. Hereby new B0 shim values were obtained, 

which were applied in the scans from step 9 to 14.  

9. B0 map with more precisely acquired shim values 

The B0 map with the new shim values acquired by the more precisely drawn ROI is now made. 

10. f0 calibration for sodium 

The centre frequency is set to the right resonance frequency again, because of the slight 

changes in B0 shim.  

11. Flip angle sweep 

A manual power optimization is done.  

12. 15 min sodium 3D FFE 
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A 15 minute sodium scan is made using the 3D FFE, resolution 4 x 4 x 25 mm3, FOV 350 × 

175 × 125 mm3, TR = 90 ms, TE = 3.3 ms, NSA = 80. Kspace is filled by Cartesian sampling. 

13. DIXON 

A DIXON scan is made with the more precisely acquired B0 shim. The DIXON scan is used to 

clearly see the difference between the water and fat signal, which then makes it easier to 

localise the position of the skin in the scans.  

14. FFE 

A FFE H scan is made with the more precisely acquired B0 shim. The FFE is used as the 

anatomical reference for drawing the ROIs of the muscle groups and the skin.  

 

Acquiring sodium concentrations 

To quantify sodium concentration of muscle and skin in the calf with 23Na-MRI, phantoms 

with known sodium concentrations were used as reference, principle based on previous 

studies [11]. The quantification is done using Matlab (MATLAB version: 9.10 (R2021a), 

Natick, Massachusetts: The MathWorks Inc.), the steps of this process can be found in the 

flowchart in figure 3 and the code can be found in Appendix A.  

 

Figure 3: Flowchart of determining the sodium concentration in ROIs. 

1. Select the sodium scan with the highest signal intensity of the slices. 

2. Select the amount of phantoms used in the scan and their concentrations. 

3. Create masks of the phantoms on the sodium scan. Histograms of signal intensities 

within each mask are made.  

4. Determine the mean signal intensity of masks. 

5. Create a calibration line linking the signal intensity to the known concentrations of the 

phantoms used. 

6. Convert the signal intensity values of the sodium scan to sodium concentrations, 

creating a new image with a sodium concentration map. 

7. Select the proton scan slice correlated to the position of the sodium scan. 
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8. Draw ROIs of the muscle groups and skin. Histograms of sodium concentrations 

within each ROI are made.  

9. Determine the mean sodium concentration of the ROIs with the calibration line.  

Four phantoms with NaCl solution dissolved in an agar gel were used, with sodium 

concentrations of 10 mmol/L, 20 mmol/L, 30 mmol/L and 40 mmol/L (figure 4).  

 

Figure 4: Reference phantoms of 10, 20, 30 and 40 mmol/L sodium in agar gel, respectively.  

An agar gel is used instead of a liquid solution so the phantoms have similar relaxation 

properties as the tissue scanned. When a liquid solution is used for reference phantoms, the 

calibration line acquired will not be based on reality. To demonstrate this, a test scan was made 

with a phantom containing a solution with 3.0 g/L sodium concentration (~51.33 mmol/L) 

and the previously mentioned reference phantoms. The results are shown in figure 5 below. 
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(a) (b)  

(c)  

Figure 5: Results of the liquid solution test scan with the reference phantoms. (a) calibration 

line for converting the signal intensity to sodium concentration in mmol/L (step 5 in figure 

3), (b) ROI in the liquid solution drawn on the proton scan (step 8 in figure 3), (c) sodium 

concentration map converted from the signal intensity with the calibration line (step 6 in 

figure 3).  

With the calibration line the mean value of the ROI drawn in the liquid solution is calculated 

to be ~80.3 mmol/L. This is an overestimation due to the liquid solution having a longer T2 

constant than the reference phantoms. The T2 constant of sodium in agar gel is closer to the 

T2 constant of human tissue, therefore the reference phantoms with agar gel sodium solution 

are used. 

 

Repeatability and accuracy 

To assess the quality of the quantification method, repeatability and accuracy were determined 

for each of the ROIs. A distinction was made between the intersession and intrasession 

repeatability, which was tested in eight out of ten participants. These participants were 

scanned twice per standard scan routine. Intersession repeatability was assessed in eight 

participants by comparing the 15 min 3D FFE sodium scans of both routines, intrasession 

repeatability was assessed in four participants by comparing the 5 min 3D FFE sodium scan 

made consecutively during the first routine. To test the accuracy of the 5 min 3D FFE, it was 

compared to the 15 min by performing a paired t-test.  
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The repeatability is quantitively analysed with Bland-Altman plots and the coefficient of 

repeatability. The coefficient of repeatability is defined in this study as  

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
1.96∗𝑆𝐷

𝑚𝑒𝑎𝑛
) ∗ 100% . 

The accuracy of sodium concentration in vivo is hard to measure, since there is no reference 

with the actual sodium tissue concentration without performing a biopsy. The accuracy will 

therefore be determined by comparing the sodium concentrations of the muscle groups and 

skin to previously published literature. To determine if there is a significant difference 

between the sodium concentrations of the four ROIs, a non-parametric Friedman test is 

performed. 

 

Proof of concept: exercise test 

The purpose of the exercise protocol is to measure a physiological difference in sodium 

concentration before and after exercise, to simulate an intervention (e.g. medication or diet) 

in a much shorter timeframe. This protocol was tested in two participants as a proof of concept. 

The effect of the exercise on sodium levels can be measured up until 30 minutes after the 

exercise [12], thus the time between exercise and measuring sodium levels should be 

optimized and sodium scan times should be shortened to be able to measure an effect over 

time. To accommodate this, the 5 min 3D FFE sodium scan was implemented.  

 The exercise protocol was as follows: 

1. 2x 15 heel raises as warm-up with 30 seconds break in between 

2. 4x 50 heel raises with 1 min breaks in between 

3. Final set of heel raises until exhaustion 

The hypothesis for the exercise protocol is that the muscles active during the exercise have 

increased sodium concentrations and will decrease over time. Previous studies have found a 

8-13% increase in the gastrocnemius and soleus, while the tibialis anterior showed no 

significant difference in sodium concentration [13].  

The participant was scanned per standard scan routine (see figure 2), then taken out of the 

scanner to do the exercise protocol. The participant was scanned immediately after finishing 

the exercise protocol, repeating step 1-4 of the standard scan routine. Then 9 dynamics (5 min 

3d FFE sodium scans) were made consecutively with resolution 5 x 5 x 25 mm3, FOV 350 × 

194.4 × 125 mm3, TR = 90 ms, TE = 2.8 ms, NSA = 30. Finally step 13, 14 and 7 of the standard 

scan routine were executed respectively. The time between the exercise protocol and the start 

of the first sodium scan was approximately 15 min.  
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Results 
Intersession repeatability - 15 min 3D FFE sodium scan 

All participants were analysed with the method described in figure 3. An example of the 

determination of the sodium concentrations of one participant, sub002, is shown in figure 6. 

 

a) b)  

c)  
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d)  

Figure 6: The results of quantifying sodium concentrations in sub002: a) calibration line 

correlating the signal intensity to the sodium concentration (step 5 in figure 3), b) the ROIs 

of the muscle groups and skin drawn in the FFE proton scan (step 8 in figure 3), c) 

histograms of the sodium concentrations measured in each ROI, d) the sodium concentration 

map with signal intensities converted to sodium concentrations (step 6 in figure 3).  

The mean sodium concentrations of the gastrocnemius, soleus, tibialis anterior and skin (n=8) 

are 16.7±3.8 mmol/L, 15.6±4.1 mmol/L, 10.8±2.4 mmol/L and 15.5±2.8 mmol/L, 

respectively. A nonparametric Friedman test was performed to see if there is a significant 

difference between the sodium concentrations of the 4 different ROIs. It showed that there 

was a significant difference between all 4 ROIs (p=0.0005).  

To determine the precision and repeatability of the sodium quantification, the data was 

assessed using Bland-Altman plots of each muscle group and skin (figure 7). Coefficient of 

repeatability for gastrocnemius, soleus, tibialis anterior and skin are respectively: 51.8%, 

48.9%, 25.3% and 49.7%.  
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Figure 7: Bland-Altman plots of the muscle groups (gastrocnemius, soleus and tibialis 

anterior) and the skin of the 15 min FFE 3D sodium scan. Each datapoint in a Bland-Altman 

is one participant. The horizontal axis shows the mean of the sodium concentration 

measured in the two scans made per participant, the vertical axis shows the difference 

between the sodium concentration of the two scans. The straight black line is the mean 

difference, the dotted blue lines are the upper and lower bounds of the 95% confidence 

interval.  

 

Intrasession repeatability - 5 min 3D FFE sodium scan 

The mean sodium concentrations of the gastrocnemius, soleus, tibialis anterior and skin are 

17.3±3.0 mmol/L, 13.6±3.7 mmol/L, 7.4±2.1 mmol/L and 15.2±2.1 mmol/L, respectively. A 

nonparametric Friedman test was performed to see if there is a significant difference between 

the sodium concentrations of the 4 different ROIs. It showed that there was a significant 

difference between all 4 ROIs (p=0.019).  
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The Bland-Altman plots of each muscle group and skin are shown in figure 8. Coefficient of 

repeatability for gastrocnemius, soleus, tibialis anterior and skin are respectively: 59.2%, 

24.0%, 34.4% and 32.6%. The zero difference value falls within the 95% confidence intervals 

of each of the ROIs. 

 

 

Figure 8: Bland-Altman plots of the muscle groups (gastrocnemius, soleus and tibialis 

anterior) and the skin of the 5 min FFE 3D sodium scan. Each datapoint in a Bland-Altman 

is one participant. The horizontal axis shows the mean of the sodium concentration 

measured in the two scans made per participant, the vertical axis shows the difference 

between the sodium concentration of the two scans. The straight black line is the mean 

difference, the dotted blue lines are the upper and lower bounds of the 95% confidence 

interval.  

 

Comparison 5 min - 15 min scans 

To see if there is a significant difference between the sodium concentrations obtained with the 

15 min and 5 min 3D FFE scans, a paired t-test was performed for each of the muscle groups 
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and skin. The p-values were 0.434 (gastrocnemius), 0.860 (soleus), 0.028 (tibialis anterior) 

and 0.704 (skin). The Bland-Altman plots of each muscle group and skin are shown in figure 

9. Coefficient of repeatability for gastrocnemius, soleus, tibialis anterior and skin are 

respectively: 67.5%, 29.2%, 24.9% and 57.1%.  The zero difference value falls within the 95% 

confidence intervals of each of the ROIs except for the tibialis anterior (confidence interval of 

0.39 – 4.73 mmol/L). 

 

Figure 9: Bland-Altman plots of the muscle groups (gastrocnemius, soleus and tibialis 

anterior) and the skin of the 15 and 5 min FFE 3D sodium scan. Each datapoint in a Bland-

Altman is one participant. The horizontal axis shows the mean of the sodium concentration 

measured in the two scans (one 5 min and one 15 min scan) made per participant, the vertical 

axis shows the difference between the sodium concentration of the two scans. The straight 

black line is the mean difference, the dotted blue lines are the upper and lower bounds of the 

95% confidence interval.  
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Proof of concept - exercise test 

The sodium concentration per muscle group/skin over time of the two participants is shown 

in figure 10. The first two points are reference scans from before the exercise protocol, points 

3-11 are the concentrations derived from the 9 dynamics consecutively made after the exercise 

protocol. All data points in figure 10 are obtained by consecutively made 5 min 3D FFE sodium 

scans.  

a)  

b)  
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c)  

d)  

Figure 10: The sodium concentration per scan from before and after the exercise protocol of 

a) gastrocnemius, b) soleus, c) tibialis anterior and d) skin. Scan 1-2 are the reference scans 

from before the exercise protocol, scan 3-11 are the 9 dynamics made consecutively after the 

exercise protocol.  
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Discussion and conclusion 
This study aimed to find the feasibility, repeatability and accuracy of non-invasively 

quantifying sodium concentrations in muscles and skin in the calf with 23Na-MRI at 7T, with 

the purpose to implement this method to evaluate future intervention studies in CKD, HD and 

PD patients.  

In all of the participants enough sodium signal could be acquired to create a sodium image, 

making the quantification with the method described in figure 3 feasible. However, the 

repeatability and accuracy of this method are not yet adequate enough to implement this 

method in intervention studies. 

The repeatability coefficient for intersession (15 min 3D FFE) and intrasession (5 min 3D FFE) 

for all muscle groups and skin were between 25.3%-51.8% and 24.4%-59.2%, respectively. This 

means that if a scan is repeated in one participant and the difference in sodium concentration 

between scans is larger than 51.8% in the gastrocnemius, the difference is due to a 

physiological effect and not a measurement error. To compare this to literature: a study by 

Kopp et al. showed that sodium concentrations in muscle had decreased 21.4% in patients 

after haemodialysis [14]. Our technique would not have been precise enough to measure the 

effect of haemodialysis as a physiological difference in both 15 min and 5 min 3D FFE sodium 

scan.  

Testing the accuracy of a non-invasive quantification method for sodium concentrations in the 

human body is a challenge because there is no ‘gold standard’. When 23Na-MRI was first 

validated as a method to quantify sodium concentrations, its accuracy was assessed by 

comparison to amputated extremities in rats and humans [15]. This is difficult to reproduce, 

thus in this study the accuracy is determined by comparison to previous studies. The mean 

sodium concentrations of the gastrocnemius, soleus, tibialis anterior and skin measured with 

the 15 min 3D FFE (n=8) are 16.7±3.8 mmol/L, 15.6±4.1 mmol/L, 10.8±2.4 mmol/L and 

15.5±2.8 mmol/L respectively. This is in line with literature for gastrocnemius (17.0±2.2 

mmol/L), soleus (18.1±1.4 mmol/L), tibialis anterior (14.3±1.3 mmol/L) and the skin 

(14.4±3.5 mmol/L) [3, 11]. This remains true for the mean sodium concentrations of the tissue 

groups measured with the 5 min 3D FFE (n=4) for the gastrocnemius (17.3±3.0 mmol/L) and 

the skin (15.2±2.1 mmol/L), but not for the soleus (13.6±3.7 mmol/L) and the tibialis anterior 

(7.4±2.1 mmol/L). An explanation for this phenomenon could be the lower SNR and 

resolution of the 5 min 3D FFE scan, resulting in lower sodium signal intensities measured.  

The t-test comparing the 5 min to the 15 min 3D FFE scan showed that there is significant 

difference between the two scans in all ROIs (p>0.05) except for the tibialis anterior (p<0.05). 

However, the zero difference value in the tibialis anterior plot falls outside of the 95% 

confidence interval. This means that the 5 min 3D FFE sodium scan systematically 

underestimates the sodium concentration in the tibialis anterior. Since the accuracy of the 15 

min 3D FFE sodium scan is good compared to literature, it can be concluded that the 5 min 

3D FFE sodium scan is not adequate enough to accurately measure sodium concentrations.  

This means that the proof of concept of the exercise test based on the 5 min 3D FFE sodium 

scan is not yet accurate enough to draw conclusions from. Furthermore, since the repeatability 

coefficient between consecutive 5 min scans is high (24.4%-59.2%), the difference between the 

reference scans and the dynamics made in the exercise test in all muscle groups and skin 

cannot be categorized as physiological difference, except for the decrease in skin sodium 

concentration in sub001VAL (66.7% difference, see figure 10). However, the ROIs were drawn 

again for each dynamic and reference scan, therefore there is a chance the ROI was not drawn 

the exact same way in both scans, seemingly creating a larger difference in sodium 
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concentration. Figure 11 shows there is indeed a difference in the ROIs drawn for the skin 

between the reference scan and the first dynamic. Recommendation for future studies is to 

draw the ROIs once and copy them for each dynamic, to avoid this effect.  

a) b)  

Figure 11: a) ROIs drawn on the 3D FFE proton reference scan 1 pre-exercise, b) ROIs drawn 

on the 3D FFE proton dynamic 1 post-exercise. ROI 1 = gastrocnemius, ROI 2 = soleus, ROI 

3 = tibialis anterior, ROI 4 = skin.  

To conclude, we established the feasibility of non-invasively quantifying sodium 

concentrations in muscles and the skin in the calf with 23Na-MRI at 7T. The repeatability for 

both intersession (15 min scan, repeatability coefficient 25.3%-51.8%) and intrasession (5 min 

scan, repeatability coefficient 24.4%-59.2%) is inadequate to measure physiological difference 

in sodium concentration in intervention studies. Mean values of sodium concentrations in 15 

min scan were in line with literature, indicating good accuracy. The 5 min scan showed 

inadequate accuracy by comparison with literature. The method is not yet suitable for 

evaluation of intervention studies.  

Recommendations for improvement are applying radial or spiral sampling of Kspace to reduce 

TE, thereby increasing the sodium signal acquired. Another factor to optimize sodium signal 

could be the implementation of a B1 shim, to even further reduce inhomogeneities. 

Furthermore, more data should be analysed to reduce the 95% confidence interval in the 

Bland-Altman plots, increasing precision of the sodium concentrations measured. The age 

group of the participants analysed should also include a larger variety, given that sodium 

concentrations differ with age. Lastly, all data in this study has been analysed by one observer. 

For future studies it would be interesting to see how interobserver repeatability influences the 

sodium concentrations obtained per ROI. 
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Ethics paragraph 
In recent years MRI has solidified itself as one of the pioneer imaging techniques within the 

medical imaging field. Innovations have made MRI more clinically accessible, making it a 

cornerstone of diagnostic medicine. But with increasing implementation of MRI in the clinic 

come multiple ethical considerations.  

The main ethical issue in MRI research is MR safety. With a constant push for innovation of 

technology, certain safety concerns and appropriate study design can be easily overlooked to 

attain the goals of the research [16]. This is especially important in MR safety since high 

magnetic fields, in this case ultrahigh fields (7T), are involved. There are many exclusion 

criteria for MRI study participants: pacemakers, ferromagnetic implants, metal shavings etc., 

but also pregnancy and recent surgery (in the past 6 months). It is important that MR safety 

comes first in research, even if there is a lot of academic and societal pressure.  

With the advance of the digital age one particular ethical issue has been proven difficult to 

tackle: maintaining the privacy of patients and healthy participants. Data safety management 

has been become a hot topic, also due to the many data breaches of data servers at Dutch 

universities in recent years. Data anonymization and multifactor authentication are steps to 

be taken to prevent data breaches.  

Another ethical issue is inclusion of acquaintances in studies. It is most often hard to find 

study participants for a control group, therefore researchers often include friends, family and 

fellow researchers as healthy test subjects. This can become a problem when possible 

diseases/pathology in the participants are found during the research [17]. Researchers are to 

take on a professional attitude towards study participants, even if they are acquainted. Due to 

an emotional relationship between the researcher and participant findings of pathology in the 

participant can interfere with objective clinical decision making. The researcher may not be 

qualified to relay information about possible pathology, but might not be able to keep the 

findings to themselves when the participant is an acquaintance. As a result incomplete or false 

information can be communicated, causing stress and anxiety in the participant. It has been 

shown that >90% of healthy participants wish to be informed of found abnormalities [18]. 

However, it should be ensured the relayed information is clinically relevant and 

communicated by a medical professional.  

In this study the previously mentioned ethical concerns have been taken into account before 

and during the research, to ensure moral integrity of the study. All researchers participating 

in the study had to pass a MR safety exam, healthy test subjects were screened and informed 

twice of the risks involved; once beforehand and once on the day of the scan. All study data 

was anonymized and saved only on a research server managed by the Amsterdam UMC, where 

data is stored for a limited amount of time. Family members were excluded from participating, 

friends and fellow researchers were not. A strict protocol was in place in case of findings of 

clinically relevant abnormalities during the scan: the general practitioner of the test subject 

would be informed, who in turn would inform the participant. This is both to ensure privacy 

of the participant and that the information is relayed by a medical professional. The 

researchers involved in the study were to abstain from comments about potential 

abnormalities found. The protocol was explained to the participants on the day itself and they 

agreed to the protocol by signing a form. The decision to include friends and fellow researchers 

in the control group was made based on the clinical relevance of this study. If this decision had 

not been made, the study would have taken many months longer to conclude. The delay in 

progress in a study of which >10% of the population would gain from did not outweigh 

potential ethical risks, especially when great measures were taken to reduce these risks.  
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Appendix A 
The Matlab code (MATLAB version: 9.10 (R2021a), Natick, Massachusetts: The MathWorks 

Inc.)  used for quantifying sodium concentration with signal intensity.  
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