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ABSTRACT 

Sodium Magnetic Resonance Imaging for Evaluation of Duchenne Muscular Dystrophy 

 

 

Edith Valle 

Department of Biomedical Engineering 

Texas A&M University 

 

 

Research Advisor: Dr. Mary P. McDougall 

Department of Biomedical Engineering 

Texas A&M University 

 

 

Duchenne Muscular Dystrophy (DMD) is a genetic disorder caused by lack of 

dystrophin, and is characterized by progressive muscle degeneration and weakness. Preliminary 

magnetic resonance image (MRI) studies have reported that increased tissue sodium 

concentration (TSC) levels may play a role in the progression of the disease. However, the 

number of studies reporting this finding are limited. In part, this is due to the fact that 23Na MRI 

requires the use of customized hardware, pulse sequences and reconstruction techniques. 

Nonetheless, evaluating abnormal TSC levels may provide valuable information pertaining to 

disease progression and/or treatment efficacy. To address this need, a custom double-tuned 

birdcage coil was designed and constructed to evaluate 23Na concentration levels in muscle tissue 

phantoms using MRI. The coil was constructed with an outer high-pass coil configuration for 1H 

(200.07 MHz) and an inner low-pass coil configuration for 23Na (52.93 MHz) for a 4.7 T 

scanner. Bench measurements were taken to evaluate the performance of the coil at both 

resonant frequencies. The isolation between channels was found to be -25 dB at the 1H frequency 

and -30.9 dB at the 23Na frequency. The loaded and unloaded quality factors of the coil were 

evaluated using a phantom that mimicked the loading properties of diseased tissue. The loaded 
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and unloaded quality factors of 1H were 351.1 and 359.9, respectively. The loaded and 

unloaded quality factors of 23Na were 293.9 and 300.7, respectively. The B1 fields were found to 

be homogeneous in the operating regions of the coils. Finally, preliminary phantom sodium 

imaging indicated the ability to distinguish between healthy and diseased 23Na concentration 

levels.  
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NOMENCLATURE 

 

B1  Radio Frequency Magnetic Field 

DMD  Duchenne Muscular Dystrophy 

GRMD Golden Retrievers with Muscular Dystrophy 

MRI  Magnetic Resonance Imaging 

NMR  Nuclear Magnetic Resonance 

Q  Quality Factor 

RF  Radio Frequency 

SNR  Signal to Noise Ratio 

T  Tesla 

TIPS   Texas A&M Institute for Preclinical Studies 

TSC  Tissue Sodium Concentration 
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CHAPTER I 

INTRODUCTION 

 

Duchenne Muscular Dystrophy (DMD) is a genetic disorder characterized by the absence 

of the protein dystrophin. This protein is a vital part of the muscle’s cytoskeleton; therefore, its 

absence leads to muscular atrophy. As the disease progresses, respiratory and cardiac muscle 

become compromised resulting in death in early adulthood (1,2). It has been reported that the 

absence of dystrophin also has a negative impact on the ability of the voltage-gated sodium 

channel, Nav1.4, to regulate TSC levels in skeletal muscle. As a result, there is persistent 

myoplasmic edema, which showed a correlation with cell death in mdx mice (3). Magnetic 

resonance imaging has been used to study DMD and its progression. However, there are limited 

studies that evaluate the role sodium plays in the progression of DMD in humans. Studies using 

substantially equivalent animal models have been performed to examine the disease and the 

treatment efficacy. It has been reported that golden retrievers with muscular dystrophy (GRMD) 

closely resemble the development of the disease in humans (1,4,5). For this reason, studying the 

presence of elevated sodium levels in GRMD models could provide relevant information 

regarding treatment in humans. 

Magnetic resonance imaging utilizes magnetic fields to acquire images and/or 

spectroscopy of NMR-active nuclei within the body. These images and/or spectroscopy can be 

acquired with radiofrequency coils tuned to a certain frequency depending on the gyromagnetic 

ratio of the NMR-active nuclei and the magnetic field strength (6). For this project, a double-

tuned birdcage coil was designed and constructed to evaluate muscle tissue phantoms which 

mimic sodium concentrations of both diseased and healthy muscle tissue. This coil design was 
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chosen due to its ability to produce a highly uniform magnetic field throughout the entire region 

of interest. The coil interfaced with a 4.7T Varian Inova scanner. The novelty of this design lies 

in the application of a custom coil for the study of sodium concentrations similar to those present 

in DMD patients. Additionally, the contribution to the field lies in enabling the first-time 

evaluation of the total sodium concentration as a biomarker in the canine model of Duchenne 

Muscular Dystrophy.  

This project is part of a doctoral research project by Romina Del Bosque, a Ph.D. student 

in the Nuclear Magnetic Resonance Radiofrequency Laboratory at Texas A&M University. The 

sodium birdcage coil constructed as part of this study will be used in Del Bosque’s research 

project to assess harvested tissue from GRMD models at various stages of treatment.  
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CHAPTER II 

MATERIALS AND METHODS 

 

Birdcage coil design and construction 

The design of the linear four-ring double-tuned birdcage coil was customized to the 

length and diameter of the phantom to maximize signal-to-noise ratio (SNR). The coil consisted 

of two sets of nested rings with the outer rings and eight rungs between the inner and outer rings 

corresponding to the 1H frequency and the two inner rings and sixteen rungs between them 

corresponding to the 23Na frequency, as shown in Figure 1.  

 

 

 

Figure 1. Birdcage coil end rings and rungs design. 

 

The rung conductors were etched onto flexible FR4 copper-clad circuit boards. The 

printed circuit boards were then mounted onto a 3’’ acrylic tube for support. Capacitors were 

placed on the two outer rings in order to create a high-pass configuration for the outer two 1H 

High-pass configuration – 1H Low-pass configuration – 23Na High-pass 

configuration – 1H 

Axial 

direction 
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coils. These 1H coils are then inductively coupled at the center of the birdcage (7). For the 23Na 

frequency, capacitors were placed at the middle of each rung to create a low-pass configuration. 

This design was chosen because of its ability to provide a good amount of isolation between both 

frequencies while also allowing the use of low capacitances for the low-pass configuration and 

high capacitances for the high-pass configuration (8).  

Preliminary capacitor values were calculated using the Birdcage Builder Java web app 

(9). Table 1 shows the input parameters for each channel and the capacitor values calculated with 

Birdcage Builder. 

 

Table 1. Birdcage Builder input parameters and results. 

Parameters 23Na Channel 1H Channel 

Leg length 12.2 cm 4 cm 

Trace width (endring and leg)  0.3 cm 0.3 cm 

Type of leg Rectangular Rectangular 

Type of endring Rectangular Rectangular 

Number of legs 16 8 

Configuration Low pass High pass 

Coil radius 3.81 cm 3.81 cm 

RF shield radius 5.95 cm 5.95 cm 

Center frequency (at 4.7T) 52.93 MHz 200.07 MHz 

Calculated capacitance 29.78 pF 16.50 pF 
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Bench testing 

Initially, the capacitor gaps for the outer structures were left open while 30 pF (1111C 

Series, Passive Plus) ceramic capacitors were placed on the inner structure for tuning the 23Na 

frequency at 52.93 MHz. The coil was placed inside an RF shield before taking any 

measurements. The purpose of the shield is to prevent unwanted interactions between the coil 

and components in the bore of the MR scanner (8). For this reason, to account for these effects, 

bench testing was performed with the coil inside of the shield.  

Two single-loop probes were used to take an S21 measurement on the network analyzer 

(Agilent E5071C). One of the probes was placed right next to the conductor and the other one at 

the center of the coil. This measurement showed the resonant frequency of the inner structure of 

the coil. If the measured center frequency was far from the desired frequency, Equation 1 was 

used to find the inductance of the coil. Then, the inductance value was used to recalculate the 

capacitance. 

 

𝜔 =
1

√𝐿𝐶
 

Equation 1. Resonance Frequency 

 

To check the resonant frequency of the 1H structure at 200.07 MHz a similar procedure 

was followed. The capacitors from the inner structure were removed and the gaps were shorted 

using copper tape. Then 10pF (1111C Series, Passive Plus) capacitors were placed on the outer 

structures. Once both sections were tuned individually, the low-pass capacitors were placed back 

on the low-pass structure, and port connections and multiturn variable tuning and matching 
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capacitors (VMAT40HVE 1712, 1.5-40 pF range) were added to both structures, as shown in 

Figure 2.  

 

 

Figure 2. RF shield and birdcage coil with fixed and variable capacitors 

 

A custom B1 mapping system/structure was designed to make controlled and precise 

bench measurements using field probes. The top platform consists of a set of four rulers that 

allow to take measurements in the x, y, and z directions. Additionally, a set of attachments were 

designed to hold single or double loop probes. These attachments add an additional degree of 

freedom by allowing to take precise measurements at different angles. Finally, the nylon rods 

allow to adjust the height of the system to measure coils of different lengths. The mapping 

system is shown in Figure 3. 
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Figure 3. Custom B1 mapping system. 

 

To match and tune both frequencies, an S11 measurement was taken from both ports with 

all the components, including match and tune capacitors, connected on both structures. Matching 

and tuning was achieved at both loaded and unloaded states. The matching values obtained at 

both frequencies are shown in Table 2. 

 

Table 2. S11 measurements of loaded and unloaded states at each frequency 

State 23Na Channel 1H channel 

Loaded -24.4 dB -30.1 dB 

Unloaded -27.2 dB -27.0 dB 
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The S11 data obtained with the network analyzer was saved and plotted with MATLAB as 

shown in Figures 4 and 5.  

 

 

Figure 4. S11 measurement of unloaded and loaded 1H channel. 

 

 

Figure 5. S11 measurement of unloaded and loaded 23Na channel. 
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Once the coil was matched and tuned for both frequencies, S12 measurements were taken. 

The signal was transmitted through one of the feeding ports while the other port was connected 

to a 50 Ω load. The B1 mapping system was used to place a single-loop probe at the center of the 

coil. It was observed that the peak representing the homogenous mode of the low-pass 

configuration split into two different modes due to coupling with other components and/or 

cables. To counteract these coupling effects, baluns tuned to their corresponding frequency were 

connected to each feeding port to block unbalanced currents and to reduce radiation losses within 

the cables (8).  

To conduct bench testing, a 45 mL phantom that would mimic the loading properties of 

diseased tissue was created by mixing NaCl with water to achieve a concentration of 38.4 

mmol/L. This value has been reported as the tissue sodium concentration level in patients with 

DMD (2,10). An acrylic insert was used to center the test tube, with the phantom, within the 

center of the birdcage coil to ensure that it is placed in the coil’s most homogenous region. The 

insert is shown in Figure 6. 

 

 

Figure 6. Acrylic insert with test tube. 

 

The axial B1, isolation between channels, quality factors and S-parameters of the coil 

were measured with the network analyzer. The homogeneity of B1 along the length of the coil 
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was assessed by placing a measuring probe at the center of the coil and transmitting the signal 

through one of the feeding ports. The probe was shifted vertically to take S21 measurements at 

discrete positions along the center of the coil. The magnetic field of each structure was evaluated 

separately. The capacitors on the outer structure were removed, and the 1H port was 

disconnected. The signal was transmitted with the coil through the 23Na feeding, and the B1 

mapping system was used to place the single-loop probe at the center of the coil.  

The same procedure was followed to record the axial B1 field of the 1H coil. Capacitors 

were placed on the outer structures and the 1H port was connected. The capacitors on the inner 

structure were replaced with copper tape, and the 23Na feeding port was disconnected. The signal 

was transmitted through the 1H feeding port, and it was received with the single-loop probe 

placed inside the coil. Finally, all the components were placed back on the coil, and after tuning 

and matching, B1 field measurements of both coils were taken. The magnetic field was first 

evaluated with the 1H port transmitting the signal and the 23Na port connected to a 50 Ω load, as 

shown in Figure 7, and then the connections were switched.  

 

 

Figure 7. 1H and 23Na ports and baluns. 
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The isolation between both ports was recorded by taking an S12 measurement between 

both ports at both resonant frequencies (i.e. 52.93MHz and 200.07MHz). The loaded and 

unloaded quality factors (Q) were measured to evaluate losses due to sample loading when a 

phantom was present in the coil. Finally, S21 measurements were taken at 0◦, 45◦ and 90◦ at the 

center of the coil to evaluate signal strength at both frequencies at different orientations. 

Image acquisition and data processing 

Additional phantoms were created by mixing NaCl and DI water in 45- and 500-mL 

containers to achieve sodium concentrations of 25.4 mmol/L, 38.4mmol/L, and 76.8 mmol/L. 

These concentrations represent healthy skeletal muscle, diseased skeletal muscle, and a higher 

concentration used to test the coil. A 4.7 Varian Inova Scanner was used to obtain images of the 

phantoms with the coil in transmit/receive mode.  

A preliminary 23Na image of the 45mL 76.8 mmol/L phantom was obtained to test 

imaging parameter values for the medium-sized phantoms. The insert shown in Figure 6 was 

used to place the phantom at the center of the coil.  

The 500 mL 38.4 mmol/L phantom was used to obtain a proton image and to observe the 

homogeneity of the signal throughout the coil. The coil was placed in the RF shield, and the 

phantom was placed inside the coil. An acrylic piece designed to position coils in the center of 

the bore of the magnet was used to place the birdcage coil inside the magnet. Once this was 

done, the hydrogen port was connected to the signal line, and the sodium port was connected to a 

50 Ω load. An ultra-low-magnetic network analyzer (AEA VIA Echo MRI) was used to ensure 

the coil was tuned to the right frequency and matched to 50 Ω. Then, a profile of the phantom 

was taken to ensure the imaging parameters used were appropriate before obtaining the image. 

The parameters used to obtain the multi-slice proton image are shown in Table 3.  
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Table 3. 1H Imaging Parameters 

Parameter Value 

Recovery time (TR) 1000 ms 

Echo time (TE) 30 ms 

Resolution 256x256 

Number of slices 20 

Slice thickness 2 mm 

  

The scanner obtains multi-slice images in a non-sequential order to avoid a decrease in 

signal strength and contrast (11). Then, it creates a matrix with the k-space data in the order it 

was obtained.  

After obtaining the multi-slice images, the connections and parameters were changed to 

obtain sodium images. The signal line was connected to the 23Na port, and the 50 Ω load was 

connected to the 1H port. Previous sodium MRI research has shown that image acquisition of this 

nucleus results in images with low spatial resolution and SNR. These issues arise as a result of 

the low concentration of 23Na in vivo, the low gyromagnetic ratio and the short transverse 

relaxation times (T2) (12-14). For this reason, several parameter values were tested to obtain a 

profile of the phantom with the 500mL 25.4 mmol/L phantom first. The parameters used to 

obtain the sodium image are shown in Table 4. 
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Table 4. 23Na Imaging Parameters 

Parameter Value 

Recovery time (TR) 300 ms 

Echo time (TE) 6.5 ms 

Resolution 64x64 

Number of slices 1 

Slice thickness 20 mm 

 

After the image of this phantom was acquired, the same parameter values were used to 

obtain images of the other two 500 mL phantoms (i.e. 38.4 mmol/L and 76.8 mmol/L). Every 

time the phantom was switched, the network analyzer was used to measure the return loss of the 

coil, and to check the tuning and matching of the coil.  

The k-space data of the proton and sodium scans was saved to be processed with a 

MATLAB program. The script reconstructs the image by taking the 2D Inverse Fourier 

Transform of the k-space data. Then, signal and noise masks are created to calculate the average 

of the signal and noise regions, as well as the standard deviation of the noise. After doing this, it 

calculates the SNR of the image and plots an SNR map with a color bar to compare different 

concentrations.  
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CHAPTER III 

RESULTS 

 

Bench testing 

It was found that the axial B1 magnitude was homogeneous at the region of interest, or 

the center 8 cm of the coil. The isolated B1 measurements at each frequency are shown in Figures 

8 and 9.  

 

 

Figure 8. RF magnetic field of isolated 23Na coil structure 
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Figure 9. RF magnetic field of isolated 1H coil structure 

 

The results reported for each isolated structure are consistent with results obtained in 

different studies. Previous studies have reported homogeneity in the center of the inner coil 

structure of dual-tuned birdcage coils (15,16). In both cases, the signal strength decreased as the 

field probe approached the region where the end rings were located, as shown in the B1 field 

measurements. This was also observed in the B1 measurements for each channel with both coil 

structures in place. The results from these measurements are shown in Figures 10 and 11.  
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Figure 10. RF magnetic field of 23Na channel 

 

 

Figure 11. RF magnetic field of 1H channel 

 

The results obtained from both channels are very similar to the B1 field measurements 

from the isolated structures. As shown in Figures 8 and 9, the end rings cause a decrease in 

signal strength, but the field is homogeneous in the center of the coil.  
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The S21 measurements taken at different angles show that the strongest signal was found 

at 0◦ for the 1H channel and at 90◦ for the 23Na channel (i.e. 0◦ when facing the feeding port). The 

values obtained at the different angles are shown in Table 5. The pick-up probe was oriented 

within the coil prior to taking the B1 measurements based on the strongest signal produced for 

each port.  

 

Table 5. S21 measurements at different orientation angles. 

Orientation Angles 23Na Channel 1H channel 

0◦ -29.7 dB -23.3 dB 

45◦ -23.0 dB -27.4 dB 

90◦ -18.2 dB -38.2 dB 

 

 The isolation between channels was -25 dB at 200.07 MHz and -30.9 dB at 52.93 MHz. 

The quality factors and the S11 parameters of the loaded and unloaded conditions were found 

using MATLAB. The Q of the loaded and unloaded 1H channel were 351.1 and 359.9, 

respectively. The Q of the loaded and unloaded 23Na channel were 293.9 and 300.7, respectively. 

These Q values indicate good overall coil performance (17). However, the small change between 

loaded and unloaded Q values indicate that the primary resistive losses can be attributed to the 

coil and not to loading.   

Image acquisition and data processing 

 The multi-slice proton images were acquired with a Varian scanner. The scanner acquired 

the slice images in a non-sequential order. However, they were arranged to represent a sequential 

order, as shown in Figure 12.  



23 

 

The distortions present in some of the slice images can be attributed to imaging outside 

the linear region of the gradients. The most homogeneous region of the coil corresponds to the 

inner 8 cm of the coil, as shown in slices 7, 8, 16, and 17. The slices located outside this range 

correspond to the regions located outside of the inner coil structure, the linear gradient region, 

and the phantom region. The slice with the highest SNR value (57.4) was slice 17, and the 

average SNR of the inner 10 cm of the coil varied by ± 3.8. 

 

 

 
Figure 12. Multi-slice Proton Images 
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The sodium images of the 45-mL and 500-mL phantoms with concentrations of 38.4 

mmol/L and 76.8 mmol/L are shown in Figures 13, 14 and 15. Additionally, the SNR maps of 

the 500 mL phantom images are shown in Figures 16 and 17. The average SNR of the 500 mL 

38.4 mmol/L phantom was 3.76, and the average SNR of the 500 mL 76.8 mmol/L phantom was 

4.72.  

 

 

Figure 13. 23Na image of 45 mL phantom with 76.8 mmol/L concentration 

 

 

Figure 14. 23Na image of 500 mL phantom with 38.4 mmol/L concentration 
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Figure 15. 23Na image of 500 mL phantom with 76.8 mmol/L concentration 

 

 

Figure 16. SNR map of phantom with 38.4 mmol/L concentration 
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Figure 17. SNR map of phantom with 76.8 mmol/L concentration 

 

The SNR maps of the images show a higher SNR for the higher concentration phantom, 

as expected. The average values of the signal and noise regions are shown in Table 6. 

 

Table 6. Signal and Noise Average Values 

 38.4 mmol/L phantom 76.8 mmol/L phantom Percentage difference 

Signal average 60.2 86.7 36.1 % 

Noise average 30.4 32.8 7.49 % 

Average SNR 3.76 4.73 22.7 % 

 

 The results shown in Table 6 suggest that even though there was a slight increase in 

noise average, the increase in signal was more significant. However, additional phantoms are 

needed to determine if there is a linear relationship between increasing concentration values and 

their corresponding signal-to-noise ratios.  
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CHAPTER IV 

CONCLUSION 

 

Magnetic resonance imaging is a non-invasive imaging technique widely used to study 

and diagnose many diseases and conditions. Proton (1H) is the NMR active nuclei most 

commonly used for MR imaging due to its natural abundance in the body. However, additional 

biochemical information can be obtained from other NMR active nuclei in the body, such as 

sodium (12).  

Sodium MRI could provide relevant information for the study of DMD. However, it 

represents a challenge due to the specialized pulse sequence and reconstruction techniques 

required to image this nucleus with a high SNR. Additionally, custom hardware must be 

developed to meet the needs and requirements of every application. More work needs to be done 

to address the lack of information regarding the impact abnormal sodium concentration levels 

have in muscle degeneration. For this reason, the linear dual-tuned birdcage coil designed and 

constructed for this project is relevant to the study of DMD. Evaluating diseased tissue from 

GRMD models could provide meaningful information about treatment efficacy and disease 

progression, and this project represents a step towards that end. 

The results of the bench measurements show that the birdcage coil is suitable for this 

application. The B1 field is homogeneous for 23Na and 1H over the region of interest. 

Furthermore, the images obtained with the 500 mL saline solution phantoms demonstrate the 

ability to distinguish between different sodium concentration levels.  

Future work will include improved coil designs to decrease resistive losses. 

Implementing a quadrature design would help increase SNR and reduce RF power during 



28 

 

transmission (18). Imaging phantoms that mimic the size of the tissue samples (i.e. 45 mL 

phantoms) will eliminate the distortions caused by non-linearities in the gradient coil.  Moreover, 

data obtained from imaging phantoms with a wider range of concentrations will allow curve 

fitting analysis to determine the relationship between sodium concentration and SNR. In 

addition, gel phantoms that mimic concentration levels in tissue and its relaxation properties will 

allow to further test the coil’s ability to image tissue. Imaging parameters used for testing will 

help establish the parameters needed to image harvested tissue from GRMD models.  
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