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List of Figures 

 

Figure 1: (A) Multipurpose interface box which supports 23Na and1H imaging at 7.0 Tesla. (D) 

Six-way RF power divider using Wilkinson approach for 23Na resonant frequency (f23Na=78.6 

MHz). Three boxes (C) contain: one T/R switch (f39K=13.9 MHz), eight T/R switches (four of 

which were used in our study; f0=297.2 MHz) and four-way RF power divider (f1H=297.2 MHz). 

 

Figure 2: Left: A view obtained from the CST Studio 2015 illustrating the head of the human 

voxel model Duke together with the proposed 6-channel transceiver RF array. Red arrows 

represent discrete ports used for the EMF simulations. Right: The schematic of the 6-channel 

transceiver RF array. Every channel was tuned to the resonant frequency with a tuning 

capacitor (CTi, i={1,…,6} ) and matched to the 50 Ω impedance with a matching capacitor (CMi, 

i={1,…,6}). Trimmer capacitors were used to decouple element 1 and element 2 (CD12) as well 

as elements 2 and 3 (CD23). Due to the symmetry of the circuit, the same method was applied 

to decouple elements 4 and 5 and elements 5 and 6. Inductors used for decoupling of 

channels: 1 and 3, 4 and 6, and 3 and 6, are denoted as: LD13, LD46 and LD36. Inductors LD13 and 

LD46 were built as two-turn solenoids and inductors LD36 were built as a one-turn solenoid (wire 

thickness = 1 mm, inner diameter = 6 mm). Their inductances were slightly modified during the 

process of tuning and matching in order to reduce coupling to an acceptable level. 

 

Figure 3: (A) The final version of the RF circuit illustrated in Fig. 2: copper loops soldered 

together with capacitors, inductors, cables and cable traps (wrapped with blue rubber). The 

whole structure is placed on the casing’s bottom part and shown with the upper part of the 

casing next to it. (B) The array placed on the face of a volunteer. (C) 23Na six channel 

transceiver RF array placed on the cylindrical phantom. This set-up was used for the validation 

of the transmit field simulations. (D) 23Na/1H imaging set-up: a volunteer together with the 23Na 

six channel transceiver RF array inside the 1H volume coil.  

 

Figure 4: S-Parameter matrix averaged over 9 volunteers. Averaged values for reflection 

coefficients were found to be: -19.8 dB for S11, -24.2 dB for S22, -22.5 dB for S33, -21.5 dB for 

S44, -25.0 dB for S55, -20.1 dB for S66. The highest coupling occurs between elements 2/6 and 

between loop-elements which were capacitively decoupled: 2/3 and 4/5. 
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Figure 5: Transmit field (B1
+) distribution for the phase-optimized setting (PO, channel 1: 0°, 

channel 2: -202°, channel 3: -186°, channel 4: -282°, channel 5: -246°, channel 6: -279°) in the 

sagittal, the coronal and the axial plane for human voxel models: Ella (top row) and Duke 

(bottom row). The red contours represent ROI covering the left and right eye which was used 

for estimation of B1
+ homogeneity. It contains all tissues which are considered in the voxel 

model to belong to the eye: the vitreous humor, the sclera, the cornea and the lens. The black 

contours represent the extended mask which was provided an error margin and was used for 

the transmit field optimization.  

 

Figure 6: SAR10g distribution for human voxel models Duke (left) and Ella (right) shown in 3D 

(top row) and for an axial view through the center of the eyes (bottom row). SAR10g distributions 

were scaled to the maximum SAR10g value for Duke (0.61 W/kg) in order to highlight good 

qualitative and quantitative (0.54 W/kg maximum SAR10g value for Ella) agreement between 

SAR distributions for both human voxel models. The RF chain (its S-Matrix was measured by 

using a network analyzer) was included in the SAR simulations. Differences in SAR values 

arise from the anatomical differences between both models (mainly due to variations in shape 

of the skull and the nose). 

 

Figure 7: (A) Simulated (left) and measured (right) B1
+ field distribution in a central axial slice 

of the cylindrical phantom. B1
+ field was measured by using a phase-sensitive method. Two 

images with nominal flip angle FA = 90° were acquired: one with the non-selective composite 

pulse [2α0 α90] and the other one with the first sub-pulse reversed in sign [2α180 α90]. Pulse 

duration was 500 μs. The following parameters were used: TR= 160 ms, TE = 0.5 ms, number 

of projections = 15000, radial samples = 732, max gradient amplitude = 4 mT/m, max gradient 

slew rate = 170 mT/m/s, nominal isotropic resolution = 3.0 x 3.0 x 3.0 mm3, pulse reference 

amplitude = 75 V. Flip angle maps were normalized to the RF input power. Four different 

profiles (I, II, III and IV) were drawn in both pictures. Light green color represents profiles for 

the simulated B1
+ map and red color represents profiles for the measured B1

+ map. (B) 

Quantitative comparison between all simulated and measured profiles. Simulated and 

measured data show very good agreement. 

 

Figure 8:  In vivo 23Na image of the eyes of a healthy male volunteer (age = 26 years; BMI = 

27.1 kg/m2) obtained with DA-3DPR imaging and filtered with Hamming filter demonstrated in 

sagittal and axial view. No method for sensitivity correction was applied. First row: nominal 

isotropic resolution = 1.4 x 1.4 x 1.4 mm3 was achieved within 10 minutes 50 seconds using 

following parameters: TR/TE = 13/0.55 ms, number of projections = 50000, readout duration 
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= 9.2 ms. Second row: nominal isotropic resolution = 1.0 x 1.0 x 1.0 mm3 was achieved within 

14 minutes 10 seconds by using following parameters: TR/TE = 17/0.55 ms, number of 

projections = 50000, readout duration = 13.3 ms. Third row: nominal isotropic resolution = 1.0 

x 1.0 x 1.0 mm3 was achieved within 10 minutes 50 seconds by using following parameters: 

TR/TE = 13/0.55 ms, number of projections = 50000, readout duration = 9.3 ms. Bottom row: 

proton reference images obtained with 1H basic coil (Siemens, Erlangen, Germany) and T2-

weighted RARE imaging: TR/TE = 2940/74 ms, FOV = 384 x 384 mm2, in-plane resolution = 

0.54 x 0.54 mm2, FA = 120°.  

 

Figure 9: In vivo 23Na image of the eyes of a healthy female volunteer (age = 29 years; BMI = 

19.2 kg/m2) obtained using the same pulse sequence parameters, imaging protocol and 

procedure as for the male volunteer shown in Figure 8. 

 

Figure 10: In vivo 23Na image of the eyes of a healthy male volunteer (age = 53 years; BMI = 

23.5 kg/m2) obtained with an isotropic spatial resolution of 3 mm (top), 1.4 mm (middle) and 

1.0 mm (bottom). A comparison between the low resolution data (3 mm isotropic) and the high 

resolution data (1.4 and 1.0 mm isotropic) facilitated by the performance gain of the proposed 

transceiver array underscores the need for enhanced spatial resolution to delineate all of the 

most important eye compartments. 

 

Figure 11: Comparison of images which resulted from using two different protocols: (A) 

Naverages = 1, Nprojections = 50000 and (B) Naverages = 5, Nprojections = 10000. Images were 

reconstructed with non-uniform fast Fourier transform (NUFFT) (top row) and with 3D 

dictionary learning compressed sensing (3D-DLCS) algorithm (bottom row). The image in 

bottom row (right) was obtained using only 4 averages what can be used in order to decrease 

scan time by about 3 minutes without losing fine details which are still present in the image. 

 

Figure 12: (A) Schematic of the proposed 39K/1H RF coil. The pair of 39K Helmholtz loops are 

highlighted in green. Each loop is split equally by five capacitors CH. The whole structure was 

tuned to the resonant frequency of 13.8 MHz and matched to 50 Ω using a balanced 

configuration. It is also equipped with one cable trap tuned to the resonant frequency of 1H. 

The 39K coil is connected through one T/R switch to the MR system. The four-channel 1H 

transceiver array is in black. It was equally split with capacitors CA (anterior part) and CP 

(posterior part). The adjacent elements were decoupled using capacitor CDCPL. Each of the 

elements was tuned to the resonant frequency of 297.2 MHz and matched to 50 Ω using a 
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balanced configuration. Each channel was equipped with two cable traps tuned both resonant 

frequencies. (B) The RF signal was divided by using Wilkinson splitter and connected to the 

T/R switch box through phase cables which supported CP mode. (C) S-Parameter matrix 

averaged over 8 volunteers is shown for both resonant frequencies (13.9 and 297.2 MHz). 

Coupling between both coils was weaker at the lower frequency (S15 = -49.5 dB, S25= -34.6 

dB, S35= -33.4 dB, S45= -35.3 dB) than at the higher frequency (S15 = -21.8 dB, S25= -29.3 dB, 

S35= -23.4 dB, S45= -33.0 dB). Averaged values for reflection coefficients (297.2 MHz) were: -

18.2 dB for S11, -24.2 dB for S22, -22.8 dB for S33, -23.7 dB for S44. The capacitive decoupling 

for the anterior part of the RF coil yielded S12 = -12.5 dB, and S23 = 16.0 dB for the posterior 

part. 

 

Figure 13: The proposed 39K/1H RF coil placed on a mannequin without (A) and with (B) upper 

part of the casing.  

 

Figure 14: Transmit field (B1
+) distribution for an axial cardiac plane of the human voxel models 

Duke (left) and Ella (right), for the resonant frequencies: 13.9 MHz (39K, top row) and 297.2 

MHz (1H, bottom row). The black contours represent the anatomic features including the heart 

which is localized off-center. Based on qualitative assessment, the 39K Helmholtz loops provide 

good B1
+ homogeneity. The CP mode applied for the four-channel 1H array provides fairly 

constructive B1
+ interference for whole heart coverage.  

 

Figure 15: SAR10g distribution for both resonant frequencies (13.9 and 297.2 MHz) for both 

human voxel models Duke and Ella shown in 3D. SAR10g distributions were scaled to the 

maximum SAR10g value for Ella (0.23 W/kg at 13.9 MHz) in order to highlight good qualitative 

and quantitative (0.21 W/kg maximum SAR10g value for Duke) agreement between SAR 

distributions for both human voxel models. The maximum SAR10g values obtained at 297.2 

MHz were scaled to the maximum SAR10g for Duke (0.46 W/kg at 297.2 MHz) which was 

slightly higher than for Ella (0.37 W/kg). A hotspot on the back of Duke at 13.9 MHz results 

from close vicinity of vertebral disc with respect to the conductive element of the RF coil. In 

case of Ella, the vertebral disc is located further away from the coil. 

 

Figure 16:  Left column: 1H images of the heart obtained from a healthy male volunteer (age 

= 27 years; BMI = 27.1 kg/m2) by using following parameters:  TE/TR = 2.67/5.66 ms, FOV = 

(360 x 291) mm2, in-plane resolution = (1.4 x 1.4) mm2, slice thickness = 4.0 mm, flip angle = 

32°, acquisition time = 12 s. Middle column: in vivo 39K images of the same volunteer obtained 
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using DA-3DPR imaging; filtered with Hamming filter and four-time zero filling and 

demonstrated in short axis (SAX), four-chamber (4CV), three-chamber (3CV) and two-

chamber (2CV) view. The images were acquired with nominal isotropic resolution = 14.5 x 14.5 

x 14.5 mm3 within 30 minutes by using following parameters: TR/TE = 30/0.7 ms, number of 

projections = 20000, readout duration = 5 ms. Right column: overlay of 39K and 1H images. 

 

Figure 17. In vivo 39K MR images, shown in axial view, obtained from six healthy volunteers: 

four male (MV1, MV2, MV3, MV4) and two female (FV1, FV2), using the same imaging 

technique as in Figure 16, but different MR system (Terra, Siemens Healthineers, Erlangen, 

Germany). 
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Synposis 

 

Abstract 

 

Sodium (Na+) and potassium (K+) ions play key roles in the physiology and metabolism 

of living cells. Primary active transport, which is carried out by sodium/potassium pumps 

(Na+/K+-ATPase), maintains the ion concentration gradient between intra- and extracellular 

space. Changes in Na+ and K+ concentration (and distribution) might reflect ongoing 

pathological processes within a tissue what might be relevant for various types of 

cardiovascular and ocular disorders.  

Ultrahigh magnetic resonance imaging (UHF-MRI) provides new opportunities to non-

invasively investigate changes in Na+ and K+ concentrations with spatial resolution and within 

total scan times that are reaching ranges acceptable for clinical applications. Despite an 

intrinsic to UHF-MRI gain in signal-to-noise ratio (SNR), nuclear magnetic resonance (NMR) 

signals of sodium (23Na) and potassium (39K) being detected remain very weak. The NMR 

sensitivity of 23Na is about 9%, while 39K is 0.05% the one of proton (1H). Therefore, radio 

frequency (RF) coils, which are used to capture these signals, should be optimized for a given 

anatomical structure in order to improve the SNR.  

The goal of this work is to develop two separate RF coils which would enable high-

resolution in vivo 23Na MRI of the human eye and in vivo 39K MRI of the human heart at 7.0 

Tesla. To achieve these goals, the six-channel transmit receive 23Na coil array and a four/two-

channel 1H/39K coil array have been designed, built and tested. The performance of the 

developed RF coils has been evaluated using RF circuit, electromagnetic field (EMF) and 

specific absorption rate (SAR) simulations. Phantom as well as in vivo experiments involving 

several healthy volunteers have been conducted. 

The experiments have revealed that the developed six-channel transmit/receive coil 

array supports in vivo 23Na MRI of the human eye with nominal spatial resolution of (1.0 x 1.0 

x 1.0) mm3 and within scan time of 10 minutes. This work also demonstrates that the proposed 

four/two-channel 1H/39K coil array enabled obtaining the world’s first in vivo 39K image of the 

human heart with nominal spatial resolution of (14.5 x 14.5 x 14.5) mm3 and within total scan 

time of 30 minutes. 

The results demonstrate that sodium content in the lens is distinguishable from sodium 

content in the aqueous and vitreous humor. There is strong evidence that sodium 

concentration in the compartments of the eye should change in diseases like cataract, 
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glaucoma and ocular melanoma. The broad roles of this element in processes related to eye 

physiology suggest a range of questions for ophthalmological investigations. This work also 

shows that in vivo potassium MRI of the human heart is feasible. Previous reports, suggesting 

that potassium concentration is expected to alter in arrhythmia, ischemia or irreversible injury 

to miocytes, provides encouragement for future in vivo studies involving patients who suffer 

from various cardiovascular disorders. 
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Abstrakt 

 

Natrium- (Na+) und Kaliumionen (K+) spielen kritische Rollen in der Physiologie und 

dem Metabolismus lebender Zellen. Der primär-aktive Transport, der den 

Ionenkonzentrationsgradienten zwischen intra- und extrazellulärer Maxtrix aufrecht hält, wird 

von Natrium/Kaliumpumpen durchgeführt. Änderungen der Na+ - und K+-Konzentration und -

Verteilung könne auf pathologische Prozesse in einem Gewebe zurückzuführen sein. Dies ist 

sehr relevant für eine Vielzahl von Krankheiten, einschließlich Herz-Kreislauf- und 

Augenerkrankungen.  

Ultrahohe Magnetresonanztomographie (UHF-MRT) bietet neue Möglichkeiten zur 

nicht-invasiven Untersuchung von Änderungen in Na+- und K+-Konzentrationen mit hoher 

räumlicher Auflösung, die innerhalb für klinische Anwendungen akzeptabler 

Gesamtabtastzeiten durchgeführt werden können. Trotz eines UHF-MRT-spezifischen 

Anstiegs des Signal-Rausch-Verhältnisses (SNR) bleiben die nachgewiesenen 

kernmagnetischen Resonanzsignale (NMR) von Natrium (23Na) und Kalium (39K) sehr 

schwach. Die NMR-Empfindlichkeit von 23Na beträgt etwa 9%, während 39K - 0.05% des 

Protons (1H) beträgt. Daher sollten Hochfrequenzspulen (HF), die zur Erfassung dieser Signale 

verwendet werden, für eine bestimmte anatomische Struktur optimiert werden, um das SNR 

zu verbessern. 

Ziel dieser Arbeit ist es, zwei separate HF-Spulen zu entwickeln, die eine 

hochauflösende in vivo 23Na-MRT des menschlichen Auges und eine in vivo 39K-MRT des 

menschlichen Herzens bei 7.0 Tesla ermöglichen. Um diese Ziele zu erreichen, wurden 

das/ein 23Na-Spulenarray mit sechs Sende- und Empfangskanälen und ein 1H/39K-Spulenarray 

mit vier/zwei Kanälen entworfen, gebaut und getestet. Es wurden Experimente an 

Messphantomen sowie In-vivo-Testmessungen von mehreren gesunden Freiwilligen 

durchgeführt.  

Die Messungen haben gezeigt, dass das in dieser Arbeit entwickelte 6-Kanal-Sende- / 

Empfangsspulenarray in vivo 23Na MRT des menschlichen Auges mit einer nominalen 

räumlichen Auflösung von (1.0x1.0x1.0) mm3 innerhalb der Scanzeit von 10 Minuten 

ermöglicht. Diese Arbeit zeigt auch, dass es dank des 1H/39K -Spulenarray mit vier/zwei 

Kanälen gelang, das weltweit erste 39K -Bild des menschlichen Herzens in vivo mit einer 

nominalen räumlichen Auflösung von (14.5x14.5x14.5) mm3 und einer Gesamtabtastzeit von 

zu 30 Minuten aufzunehmen.  

Die Ergebnisse zeigen, dass der Natriumgehalt in der Linse vom Natriumgehalt im 

wässrigen und im Glaskörper unterscheidbar ist. Es gibt starke Hinweise darauf, dass sich die 
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Natriumkonzentration in den Kompartimenten des Auges bei Erkrankungen wie Katarakt, 

Glaukom und okularem Melanom ändern sollte. Diese Arbeit zeigt auch, dass eine in vivo 

Kalium-MRT des menschlichen Herzens möglich ist. Frühere Berichte, aus denen hervorgeht, 

dass sich die Kaliumkonzentration voraussichtlich bei Arrhythmie, Ischämie oder irreversiblen 

Verletzungen der Miozyten ändert, ermutigen zukünftige In-vivo-Studien mit Patienten, die an 

verschiedenen Herz-Kreislauf-Erkrankungen leiden. 
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Introduction 

 

Magnetic resonance imaging (MRI) is probably the most powerful and versatile, non-

invasive, diagnostic technique used in modern medicine. Typical anatomical MRI scans are 

based on detection of the nuclear magnetic resonance (NMR) signal from protons (1H). 

However, other atomic nuclei in humans could potentially be imaged using MR. Such nuclei 

are generally present in very low quantities, and their physical properties like nuclear spin 

number or gyromagnetic ratio are less advantageous compared to 1H. These factors have a 

major impact on the signal-to-noise ratio (SNR) that can be achieved, which consequently 

limits the spatial resolution of an MR image and prolongs the total acquisition time that is 

required. The SNR increases supralinearly with the applied static magnetic field strength (B0). 

Therefore, ultrahigh field (B0≥7T) magnetic resonance imaging (UHF-MRI) can provide 

benefits in non-proton nuclei (X-nuclei) imaging. This has brought in vivo imaging of nuclei 

such as sodium (23Na) and even potassium (39K) within ranges of spatial resolution and scan 

time which might be encouraging for clinical applications. The potential to image 23Na and 39K 

by non-invasive means might be of high clinical relevance and yield unique types of diagnostic 

information fundamentally different from that obtainable through typical 1H scans. 

The sodium and potassium isotopes 23Na and 39K appear in the human body as sodium 

(Na+) and potassium (K+) cations which play crucial roles in human physiology and metabolism 

[1]. These include functions in determining the composition of the cytoplasm of cells, in 

transporting molecules through cell membranes, propagating action potentials (e.g. neurons, 

myocytes), and controlling cell volume and pH.  

Na+ is mainly concentrated in the extracellular matrix ([Na+]ext ≈ 140 mM), while K+ is 

largely intracellular ([K+]int ≈ 140 mM). The concentration gradient across cell membranes is 

governed by the activity of sodium/potassium pumps (Na+/K+-ATPase). Sodium plays a critical 

role in this context, since its main function is the storage of chemical energy obtained through 

the hydrolysis of one molecule of adenosine triphosphate (ATP) per one turnover of a pump. 

This energy is used to transport three Na+ across the cell membrane to the extracellular matrix, 

against the concentration gradient, while two K+ are transported into the cell. The discovery of 

this protein was deemed so important that Jens C. Skou was awarded Nobel Prize in chemistry 

in 1997 for having achieved it [2]. 

Potassium is not only involved in the function of Na+/K+-ATPase, but also in K+ channels 

- one of the largest and most functionally-diverse families of ion-channel proteins in the human 

genome. They are particularly crucial for the electrical excitability of various types of cells. The 

significance of K+ channels was also highlighted by a Nobel Prize in chemistry, to Roderick 

MacKinnon in 2003 for his discoveries in this field [3].  
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This means that the possibility of probing changes in the distribution and/or 

concentration of Na+ and K+ in a tissue in vivo could add a new dimension to our understanding, 

diagnosis and, potentially, treatment of many diseases. Thus “electrolyte mapping” is on the 

most promising research areas in the development of UHF-MRI.  

Since the earliest days of in vivo nuclear magnetic resonance (NMR), potassium has 

been regarded as an intriguing nucleus to investigate, given its crucial roles in a very broad 

range of biological processes [4]. Nevertheless, sodium (Na+) has historically received more 

attention from the biomedical imaging community, largely because of its high NMR signal in 

vivo – second only to that of protons. 

In vivo 23Na MRI has already been carried out by a number of investigators who have 

successfully applied it in tissues such as the brain, heart, cartilage and skin. In vivo 23Na MRI 

of the human eye, however, is an area that remains completely unexplored. This might seem 

surprising given sodium’s essential roles in the energy-consuming processes of membrane 

transport that occur in several compartments of the eye. Primary active transport, which is 

carried out by Na+/K+-ATPase, is a major link between processes which occur in the human 

eye and its compartments. These include the formation of the aqueous humor (crucial in the 

regulation of intraocular pressure), the maintenance of the Na+/K+ gradient between the lens 

and the vitreous humor, and the removal of water and lactic acid from the retinal pigment 

epithelium into the blood. 

Potassium MRI is much more challenging since its sensitivity is 180 times lower than 

that of 23Na. With the exception of a few animal studies, the literature presents only three 

publications on in vivo 39K MRI in humans. Umathum et al. [5] investigated human brain and 

muscle at 7.0 T. This study was followed up by Rosler et al. [6], who reported on quadrupolar 

splitting of the 39K resonance in skeletal muscle. Atkinson et al. [7] focused on imaging the 

brain using a magnetic field strength of 9.4 T. The critical role that potassium ions play in 

cardiac electrophysiology has motivated the author to investigate the more challenging 

problem of in vivo 39K MRI of the human heart, which has not yet been demonstrated.  

The significance of in vivo explorations into Na+ and K+ using MRI arises from the fact 

that alterations in their distribution and concentration might reflect pathophysiological 

processes (e.g. impairment of Na+/K+-ATPase). This issue has been explored in several 

diseases using in vivo 23Na MRI. It has been demonstrated that the sodium level in a tissue 

can significantly change in breast and brain tumors, strokes and cartilage diseases [8].  

This is also likely to be the case in diverse ocular disorders. Changes in sodium 

concentrations have been investigated using 23Na MRI in several ex vivo studies involving eye 

tumors and cataracts [9,10]. It is also highly probable that sodium concentration change in 

some types of glaucoma [11].  
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Potassium levels are also likely to change during pathological processes in the heart, 

such as increases in concentrations of extracellular K+ following ischemia [12] or decreases in 

tissue K+ which lead to irreversible injuries to cardiomyocytes [13]. Since potassium is 

vasoactive and important in regulating smooth muscle tone and blood flow, altered smooth 

muscle K+ channel functions are likely to occur in several pathological conditions [14].  

The link between these projects on the eye and heart is the growing realization that 

common mechanisms underlie diseases processes in both cardiovascular and ocular tissues, 

particularly with regard to aging and chronic conditions such as age-related macular 

degeneration, glaucoma and diabetic retinopathy [15]. 

New diagnostic techniques are necessary to pave the way for innovative forms of 

diagnosis and therapies which would target ocular and cardiovascular disorders (CVD). 

Glaucoma and cataract are two world leading causes of blindness. Glaucoma affects more 

than 32 million, while cataract - 95 million people worldwide. CVD’s are world leading causes 

of death and their incidence is estimated to be about 420 million [16].  

Low in vivo 23Na and, in particular, 39K NMR sensitivity require that special attention be 

paid in the design of radio frequency (RF) coils. Since the RF coil is a central link in a 

transmit/receive chain of every MR system, it is important to custom tailor RF technology for a 

given nucleus and desired anatomical region to maximize the SNR. 

Here the author’s approach to these problems has been to develop local multi-channel 

transmit/receive RF coils. There are several motivations for doing so. First of all, smaller (and 

to a certain extent), independently-driven conductive loops which cover the same human body 

area as one big conductive loop can provide higher SNR [17].  

Secondly, “local” means that such a solution offers benefits for transmission efficiency, 

i.e., the ratio of transmit field and the square root of applied RF power. When the RF coil is 

placed closed to the ROI, less RF power is required to achieve the desired flip angle than for 

an RF coil that is placed further away (as in the extreme case of the body coils used in clinical 

1.5 and 3.0 T MR scanners). This is particularly important because the peak RF power 

supported by the RF amplifier in commercial MRI machines is limited. Transmission efficiency 

is particularly crucial in experiments involving nuclei such as 23Na and 39K, which have much 

lower gyromagnetic ratios (39K = 1.99 MHz/T, 23Na = 11.26 MHz/T). In this situation, more RF 

power is required to achieve the desired flip angle (in case of a commonly used rectangular 

RF pulse, the flip angle is linearly proportional to the gyromagnetic ratio, transmit field 

magnitude and RF pulse duration) than in 1H (1H = 42.57 MHz/T). 

Third, the multi-channel approach permits driving each channel with a different phase. 

Using special algorithms, the transmit field in the ROI can be optimized in terms of 

homogeneity and magnitude, while keeping the specific absorption rate (SAR) at the lowest 
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possible levels for a given coil configuration. What is equally important, but often neglected, is 

the fact that SAR at lower resonant frequencies (at 7.0 T: f39K = 13.9 MHz and f23Na = 78.6 MHz) 

might be just as challenging as for nuclei such as 1H (f1H = 297.2 MHz) which have much higher 

resonant frequencies. SAR is proportional to the square of frequency, but at the same time 

also to the square of the magnitude of the transmit field. So, even if the resonant frequency for 
23Na and 39K is much lower than 1H, this advantage is offset by the higher RF power required 

to achieve the same flip angle.  

Ideally, the RF coil design for X-nuclei imaging should also permit imaging 1H. This 

would provide an opportunity to obtain anatomical information along with B0 shimming 

capabilities.  

There is a lack of literature data on in vivo 23Na MRI of human eyes using a dedicated 

RF setup. The only in vivo data appears circumstantially in publications on sodium imaging of 

the human brain at different field strengths: 1.5T [18], 3.0T [1], 4.7 [19], 7.0 T [20], 9.4T [21], 

because the eyes happen to be within the area captured by scans. The main observation that 

can be taken from these studies is that the 23Na signal from the eyes, which are prominent in 

particular slices of the human head, essentially dominates any other signal from the brain, 

even though suboptimal RF set-ups (in the context of eye imaging) were used for these 

investigations. Therefore, it is hypothesized that a dedicated local multi-channel array might 

enable imaging the eye and its substructures with excellent spatial resolution and scan times 

that have yet to be demonstrated. 

Nor has there been a report published on in vivo 39K MRI of the human heart. In vivo 
39K MRI is more challenging than 23Na, not only because of the significantly lower NMR 

sensitivity, but also because of issues related to respiratory and cardiac motion. Here, the aim 

is to demonstrate the feasibility of in vivo 39K MRI of the human heart and discuss future 

directions, and whether or not the spatial resolution and total acquisition times that can be 

achieved are suitable for clinical applications. 

In this work, two separate, custom-tailored RF coils have been developed for two 

different clinical applications: in vivo 23Na MRI of human eyes and in vivo 39K MRI of human 

heart at 7.0 T. This work describes the designs of both RF coils and reports on electromagnetic 

field (EMF) and specific absorption rate (SAR) simulations and phantom measurements. The 

RF technology developed here has been applied in two separate in vivo proof-of-principle 

studies involving several healthy volunteers.  
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Methodology 

 

Numerical Electromagnetic Field and Specific Absorption Rate Simulations 

 

The electromagnetic field (EMF) and specific absorption rate (SAR) simulations were 

performed using the Finite Integration Technique of CST Studio Suite 2015 (CST AG, 

Darmstadt, Germany) with the human voxel models Duke (male) and Ella (female) from the 

Virtual Family. SAR is a spatially-dependent (𝑟 = 𝑥, 𝑦, 𝑧) parameter, defined as follows: 

𝑆𝐴𝑅 =
1

𝑉

𝜎(𝑟) �⃗�(𝑟)

𝜌(𝑟)
𝑑𝑟 (1) 

where 𝑉 is the tissue volume, 𝜎 is the electrical conductivity of a tisse, �⃗� is the electric field 

and 𝜌  is the tissue density. According to the safety guidelines, averaged local SAR is 

calculated in a mass volume of 10 g (SAR10g). The electrical properties of all human tissues 

were altered according to the IT’IS database (IT’IS, Zurich, Switzerland) [22]. The results of 

the simulations were exported from the CST Studio Suite into the Advanced Design System 

(ADS) (Keysight EEsof EDA, Keysight Technologies, Santa Rosa, CA, USA). In ADS, a 

thorough analysis of electrical circuits was conducted. Coupling between all of the elements of 

the developed radio frequency (RF) coils was analyzed, and capacitive-inductive circuits were 

designed to reduce it. Capacitors and inductors used in simulations were modeled with 

additional resistances, which represented typical losses for lumped elements and losses 

inherent to soldering joints [23]. The input RF power was adjusted to meet the regulations 

provided by the International Electrotechnical Commission guideline 60601-2-33 Ed.3 [24]. 

 

Benchtop Evaluation 

 

The RF coils were evaluated at the bench. The measurements were performed using 

an eight-channel vector network analyzer (ZVT 8, Rohde & Schwarz, Memmingen, Germany). 

Scattering parameter matrices (S-Matrix), which mirror inter-element coupling in multi-channel 

arrays, were measured for both RF coils and for various loading conditions: including nine 

volunteers (body mass index range: 20.1–27.1 kg/m2) in case of 23Na RF coil and eight 

volunteers (BMI range: 18.9 - 28.5 kg/m2) in case of 39K RF coil. S-Matrices were measured, 

exported from the network analyzer, and analyzed in MATLAB (The MathWorks, Natick, MA, 

USA). 
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Magnetic Resonance Imaging Hardware 

 

Phantom and human imaging studies were conducted on a 7.0 T whole-body system 

(Magnetom, Siemens Healthcare, Erlangen, Germany), equipped with a gradient system that 

supported a slew rate of 170 mT/m/ms and a maximum gradient strength of 38 mT/m. For RF 

transmission, a single-channel RF amplifier (Pmax = 8 kW, Stolberg HF-Technik AG, Stolberg-

Vicht, Germany) was applied. Further in vivo 39K MRI experiments (n=6), were conducted using 

another 7.0 T whole-body MR system (Terra, Siemens Healthineers, Erlangen, Germany) 

which supports 39K MRI. This MR system is equipped with a gradient system supporting 

dG/dtmax = 200 mT/m/ms, Gmax = 80 mT/m. 

The multipurpose interface box (MRI.TOOLS GmbH, Berlin, Germany) used for 23Na 

RF coil consists of 16 transmit/receive (T/R) switches (Figure 1A): 8 for proton (1H) and 8 for 
23Na resonant frequency at 7T, along with integrated low-noise preamplifiers (Stark Contrasts, 

Erlangen, Germany). The single channel 23Na RF signal was split into six channels using a 

Wilkinson RF power divider shown in Figure 1B. 

 

Figure 1: (A) Multipurpose interface box which supports 23Na and1H imaging at 7.0 Tesla. (D) Six-way RF power 

divider using Wilkinson approach for 23Na resonant frequency (f23Na=78.6 MHz). Three boxes (C) contain: one T/R 

switch (f39K=13.9 MHz), eight T/R switches (four of which were used in our study; f0=297.2 MHz) and four-way RF 

power divider (f1H=297.2 MHz). 

 

The multipurpose interface boxes used to connect the 39K/1H RF coil to the scanner 

(Figure 1C) consist of four T/R switches for 297.2 MHz and one T/R switch for 13.9 MHz along 
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with integrated low-noise preamplifiers for each of the resonant frequencies (Stark Contrast, 

Erlangen, Germany). 

 

Transmit Field Optimization 

 

Transmit field optimization was used to find a trade-off between two major goals: 

transmit field homogeneity and transmit field efficiency which maximizes B1
+ amplitude in a 

region of interest (ROI) while minimizing SAR in both human voxel models. These conditions 

are included in the following merit function: 

𝑓(𝛷) =
𝑠𝑡𝑑(|𝐵 (𝛷)|)

𝑚𝑒𝑎𝑛(|𝐵 (𝛷)|)
− 𝛽 ∗

1

𝑚𝑎𝑥 𝑆𝐴𝑅 (𝛷), 𝑆𝐴𝑅 (𝛷)

∗
𝑀𝑂𝑆(|𝐵 (𝛷)|)

𝑆𝑂𝑀(|𝐵 (𝛷)|)
 

(2) 

where 𝛽 is the weighting factor, and 𝑀𝑂𝑆 (magnitude of sum) and 𝑆𝑂𝑀 (sum of magnitudes) 

are defined as follows: 

𝑀𝑂𝑆(|𝐵 (𝛷)|) = 𝐵 (𝛷 )      ,     𝑆𝑂𝑀(|𝐵 (𝛷)|) = |𝐵 (𝛷 )| (3) 

In order to minimize f(Φ), a multi-objective genetic algorithm implemented in MATLAB was 

used.  

 

Three-Dimensional Density Adapted Projection Reconstruction (3D-DAPR) 

 

23Na and 39K are nuclear spin 3/2 systems. This usually leads to biexponential 

relaxation in a tissue what results in transverse relaxation time T2 having two components: 

slow T2s and fast T2f. Using too long echo times (TE) can lead to a severe signal loss which is 

related to vanishing of the fast component (even up to 60% signal loss). This is why imaging 

techniques, which enable applying very short TE, are critical for imaging nuclei with nuclear 

spin number of 3/2 like sodium and potassium. In this work, three-dimensional density adapted 

projection imaging (3D-DAPR) was employed [25]. The term “density adapted” stands for more 

efficient k-space sampling in the k-space center than conventional three-dimensional radial 

projection reconstruction. 
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Transmit Field Mapping: Phase Sensitive Method 

 

In order to calculate B1
+ distribution, the phase-sensitive method, which was  introduced 

by G. Morrell, and additionally incorporated into 3D-DAPR, was used [26]. This method uses 

2𝛼 RF pulses about the x-axis, followed immediately by an 𝛼 RF pulse about y-axis (x and y 

are MR scanner’s coordinates). The information about flip angle is then encoded in the signal 

phase. There are two acquisitions needed in order to cancel out the sources of errors resulting 

from, e.g. eddy currents. The second acquisition is performed using 2𝛼  RF pulse with a 

negative sign. The phase difference 𝜗 for on-resonance spins can be calculated from following 

formula: 

𝜗 = 2 tan
2 cos 𝛼

cos 2𝛼
 (4) 

 

Three-Dimensional Dictionary Learning Compressed Sensing (3D-DLCS) 

Reconstruction Algorithm 

 

MR images are considered compressible just like other types of images such as those 

in JPEG format. “Compressible”, in this context, means that there is a lot of information which 

is not crucial to fully represent the significant data in a desired way. Compressed sensing is a 

reconstruction technique, in which first the compressed information is “sensed” directly by 

making fewer measurements, instead of acquiring full information which later can be 

compressed [27]. There are two conditions to be fulfilled in order to use compressed sensing: 

an image must have a sparse representation in some domain, and data sampling must be 

performed by pseudo-random or non-uniform means (undersampling artifacts must be 

incoherent). Then, a non-linear reconstruction algorithm is necessary to solve a set of nonlinear 

underdetermined equations. 

In this work a 3D-dictionary learning compressed sensing (3D-DLCS) reconstruction 

algorithm, which is tailored for the 3D-DAPR imaging technique, was applied [28]. The main 

task of 3D-DLCS algorithm is to solve iteratively the following problem: 

D, α , X = argmin , , μ α + Dα − R X + λ‖FX − Y‖  (5) 

where 𝑋  is the reconstructed image, 𝐹  is the non-uniform fast Fourier transform (NUFFT) 

operator, 𝑌 is the measured raw data, 𝛼  is the sparse representation in the dictionary 𝐷, and 

𝑅  is a diagonal matrix that extracts the blocks of interest from the image. The cost function 
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combines the sparsity of the dictionary coefficients through  ∑ 𝜇 𝛼 , block-wise 

consistency of the reconstructed image and its dictionary representation through 

∑ 𝐷𝛼 − 𝑅 𝑋  and data consistency of the  reconstructed image through 𝜆‖𝐹𝑋 − 𝑌‖ .  

 

In Vivo Experiments 

 

Sodium MRI was performed in seven healthy adult volunteers (3 female: mean age = 

28.5 years, mean BMI = 22.0 kg/m2; 4 male: mean age = 33.5 years, mean BMI = 23.9 kg/m2). 

The parameters of 3D-DAPR sequence were chosen as follows: 

a) For a nominal isotropic resolution of 1.4 x 1.4 x 1.4 mm3: TR = 13 ms; TE = 0.55 ms; 

nominal FA = 41°; number of projections = 50000; readout duration = 9.2 ms; radial samples 

= 520; maximum gradient amplitude = 18 mT/m; maximum gradient slew rate = 170 mT/m/s; 

pulse reference amplitude = 200 V. The acquisition time was 10 minutes 50 seconds. 

b) For a nominal isotropic resolution of 1.0 x 1.0 x 1.0 mm3: TR = 17 ms; TE = 0.55 ms; 

nominal FA = 41°; number of projections = 50000; readout duration = 13.3 ms; radial samples 

= 864; maximum gradient amplitude = 22 mT/m; maximum gradient slew rate = 170 mT/m/s; 

pulse reference amplitude = 200 V. The acquisition time was 14 minutes 10 seconds. 

c) For a nominal isotropic resolution of 1.0 x 1.0 x 1.0 mm3: TR = 13 ms; TE = 0.55 ms; 

nominal FA = 41°; number of projections = 50000; readout duration = 9.3 ms; radial samples 

= 864; maximum gradient amplitude = 25 mT/m; maximum gradient slew rate = 170 mT/m/s; 

pulse reference amplitude = 200 V. The acquisition time was 10 minutes 50 seconds 

Ophthalmological 1H imaging was performed to obtain an anatomical reference image, 

employing a T2-weighted 2D Rapid Acquisition with Relaxation Enhancement (RARE) 

technique (TR = 2940 ms; TE = 74 ms; spatial resolution = 0.54 x 0.54 mm2; FOV = 384 x 384 

mm2; number of slices = 3; slice thickness = 1.4 mm; nominal refocusing FA = 120°, NA = 1. 

The acquisition time was 1 minute 8 seconds. 

Proof-of-principle in vivo 39K MRI was performed in seven healthy subjects (5 male, 2 

female; average BMI = 24.1 kg/m2, average age = 34 years) with 3D-DAPR imaging technique: 

TR = 30 ms; TE = 0.7 ms; number of projections = 20000; read-out duration = 5 ms; maximum 

gradient amplitude = 11.95 mT/m, slewrate = 170 T/(m∙s), beginning of the density-adapted 

part at t0 = 0.5 ms, rectangular pulse duration = 1 ms; radial samples = 64; dwell time = 78.1 

μs; nominal isotropic resolution = (14.5x14.5x14.5) mm3. The acquisition time was 30 minutes. 

The RF coil and receiver chain do not support simultaneous 39K/1H imaging. 
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For 1H CINE imaging of the heart two (2CV), three (3CV), four chamber (4CV) and short 

axis (SAX) views were acquired using breath-hold 2D CINE FLASH (TE = 2.67 ms, TR = 5.66 

ms, matrix size = 256 x 256, FOV) = (360 x 291) mm2, in-plane spatial resolution = (1.4x1.4) 

mm2, slice thickness = 4.0 mm, flip angle = 32°, receiver bandwidth = 444 Hz/pixel, acquisition 

time = 12 s.  
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Results 

 

In Vivo Sodium (23Na) Magnetic Resonance Imaging of the Human Eye 

 

Partial results of the work, which are presented in this chapter, have been published in: 

D. Wenz, A. Kuehne, T. Huelnhagen, A.M. Nagel, H. Waiczies, O. Weinberger,  
C. Oezerdem, O. Stachs, S. Langner, E. Seeliger, B. Flemming, R. Hodge, T. Niendorf, 
“Millimeter Spatial Resolution In Vivo Sodium MRI of the Human Eye at 7 T Using a 
Dedicated Radiofrequency Transceiver Array”, Magnetic Resonance in Medicine 2018 
Aug;80(2):672-684. doi: 10.1002/mrm.27053. 

 

Radio Frequency Coil Design 

 

The proposed radio frequency (RF) coil array consists of six loop-elements and is 

symmetrically divided into two sections. Each section is composed of three loop-elements 

which were angled to each other in order to conform to the anterior part of an average human 

head as demonstrated in Figure 2. The size of a single element (36 x 71 mm) was chosen to 

achieve sufficient RF penetration depth [29] for eye imaging. The shape and the surface area 

of an average human head limit the number of elements per eye. Applying more than three 

elements per eye does not improve the RF coil’s performance, because they would be already 

too far from the ROI. Two more elements (one per eye) could be added from the top, but they 

would couple strongly with all of the other loops. Offsetting the extra coupling would require 

more decoupling circuits (resulting in increased losses) so that the total weight would increase 

and cause more patient discomfort without any gain in performance. The arrangement of 

element 1 (or element 4) versus element 2 (or element 5) was obtained by applying an 

inclination angle of 151°. In order to arrange element 2 (or element 5) versus element 3 (or 

element 4), an angle of 161° was applied. The six-channel array is made up of four loops of 

rectangular shape (elements 1, 2, 4, 5) and two of polygonal shape (elements 3 and 6). The 

polygonal loops are designed to fit the space around the nose in a way that permits bilateral 

vision through them (Figure 3A). To achieve a sufficient RF field penetration depth, the height 

of a single loop was set at 71 mm and its width at 36 mm. The width of the conductor was 10 

mm.  
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Figure 2: Left: A view obtained from the CST Studio 2015 illustrating the head of the human voxel model Duke 

together with the proposed 6-channel transceiver RF array. Red arrows represent discrete ports used for the EMF 

simulations. Right: The schematic of the 6-channel transceiver RF array. Every channel was tuned to the resonant 

frequency with a tuning capacitor (CTi, i={1,…,6} ) and matched to the 50 Ω impedance with a matching capacitor 

(CMi, i={1,…,6}). Trimmer capacitors were used to decouple element 1 and element 2 (CD12) as well as elements 2 

and 3 (CD23). Due to the symmetry of the circuit, the same method was applied to decouple elements 4 and 5 and 

elements 5 and 6. Inductors used for decoupling of channels: 1 and 3, 4 and 6, and 3 and 6, are denoted as: LD13, 

LD46 and LD36. Inductors LD13 and LD46 were built as two-turn solenoids and inductors LD36 were built as a one-turn 

solenoid (wire thickness = 1 mm, inner diameter = 6 mm). Their inductances were slightly modified during the 

process of tuning and matching in order to reduce coupling to an acceptable level. 

 

The elements for this design were manufactured from 36 μm copper on a 0.5 mm FR-

4 substrate using a CNC machine (ProtoMat, LPKF Laser & Electronics AG, Garbsen, 

Germany). Adjacent loops (elements 1/2; elements 2/3; elements 6/5 and elements 5/4), which 

share common conductors, were capacitively decoupled. Non-adjacent loops (elements 1/3; 

elements 6/4) were inductively decoupled, as were the two loops around the nose (elements 

3/6). The capacitive decoupling was achieved using chip ceramic capacitors (American 

Technical Ceramics Inc, Huntington Station, NY, USA) along with trimmer capacitors 

(Voltronics Inc, MD, USA). Inductive decoupling was accomplished using inductors (inner 

diameter – 6 mm, wire thickness – 1 mm) covered by a thin layer of insulation. In order to 

facilitate inductive decoupling between non-adjacent elements, two small pieces of coaxial 

cable were used to close the circuits as illustrated in Figure 3A. Cable traps were placed 10 

cm away from the coil to eliminate common mode currents. They were built from a wound 

cable and a capacitor which was soldered to the outer shield of the cable. The coil casing was 

designed by using Autodesk Inventor Professional 2013 (Autodesk Inc, San Rafael, CA), and 

was constructed from ABS material using 3D printer (BST 1200es; Dimension Inc, Eden 
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Prairie, MN). The dimensions of the proposed array conform to an average human head 

(Figure 3B) and to the phantom used for validation of the simulations (Figure 3C) and). A 

commercial volume coil (inner diameter = 34 cm), which is circularly polarized birdcage coil, 

was used to obtain anatomical reference image (Figure 3D). 

 

Figure 3: (A) The final version of the RF circuit illustrated in Fig. 2: copper loops soldered together with capacitors, 

inductors, cables and cable traps (wrapped with blue rubber). The whole structure is placed on the casing’s bottom 

part and shown with the upper part of the casing next to it. (B) The array placed on the face of a volunteer. (C) 23Na 

six channel transceiver RF array placed on the cylindrical phantom. This set-up was used for the validation of the 

transmit field simulations. (D) 23Na/1H imaging set-up: a volunteer together with the 23Na six channel transceiver RF 

array inside the 1H volume coil.  

 

Radio Frequency Coil Performance 

 

The measured S-Matrix averaged over 9 volunteers (5 men and 4 women) is 

demonstrated in Figure 4. S11 values for all volunteers were found between -17.0 and -21.5 

dB, S22 between -18.7 and -38.2 dB, S33 between -17.1 and -26.0 dB, S44 between -13.1 and -

34.3 dB, S55 between -12.4 and -36.7 dB and S66 between -12.0 and -28.3 dB. Applying 

capacitive decoupling between elements 1 and 2 (and due to the symmetry of the circuit, 

between 4 and 5) and between 2 and 3 (or 5 and 6) yielded averaged transmission coefficient 

values of -16.4 dB for S12 (-14.0 dB for S45) and -13.1 dB for S23 (-16.8 dB for S56). Applying 
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inductive decoupling between elements 1 and 3 (4 and 6) gave -17.8 dB for S13 (-17.7 dB for 

S46) and between elements 3 and 6: -19.1 dB for S36. The cylindrical phantom was used in 

order to evaluate the QUL/QL ratio for each loop element of the array. The measurements 

yielded the QUL/QL ratio as follows: element 1 – 1.8, element 2 – 2.1, element 3 – 1.3, element 

4 – 1.7, element 5 – 1.6, element 6 – 1.3. The average Q factor value for all of the loops was 

estimated to be 1.6.  

Figure 4: S-Parameter matrix averaged over 9 volunteers. Averaged values for reflection coefficients were found to 

be: -19.8 dB for S11, -24.2 dB for S22, -22.5 dB for S33, -21.5 dB for S44, -25.0 dB for S55, -20.1 dB for S66. The 

highest coupling occurs between elements 2/6 and between loop-elements which were capacitively decoupled: 2/3 

and 4/5. 

 

Electromagnetic Field and Specific Absorption Rate Simulations 

 

The method used for B1
+ optimization yielded more than one satisfactory solution. We 

chose the one that provided the highest B1
+ homogeneity within the extended mask, here called 

the phase-optimized setting (PO). The algorithm provided phases for PO as follows: channel 

1: 0°, channel 2: -202°, channel 3: -186°, channel 4: -282°, channel 5: -246°, channel 6: -279°. 

The B1
+ homogeneity for PO was assessed in the defined volume of interest (VOI) which 

covered both eyes of the human voxel models, yielding a standard deviation: SD = 15.8 % for 

Ella and SD = 15.2 % for Duke (Figure 5).  
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Figure 5: Transmit field (B1
+) distribution for the phase-optimized setting (PO, channel 1: 0°, channel 2: -202°, 

channel 3: -186°, channel 4: -282°, channel 5: -246°, channel 6: -279°) in the sagittal, the coronal and the axial 

plane for human voxel models: Ella (top row) and Duke (bottom row). The red contours represent ROI covering the 

left and right eye which was used for estimation of B1
+ homogeneity. It contains all tissues which are considered in 

the voxel model to belong to the eye: the vitreous humor, the sclera, the cornea and the lens. The black contours 

represent the extended mask which was provided an error margin and was used for the transmit field optimization.  

 

Local SAR values averaged over 10 g (SAR10g) were derived from the EMF simulations for PO 

using the human voxel models Duke and Ella (Figure 6) for an input power of 1 W. SAR 

simulations included the measured RF chain in order to accurately capture its losses and 

imperfections. Local SAR maxima were found to be 0.61 W/kg for Duke and 0.54 W/kg for Ella. 

Including a safety factor of 2.5, time-averaged forward power was limited to 6.7 W in order to 

stay below the 10 W/kg limit set by the IEC guidelines. 
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Figure 6: SAR10g distribution for human voxel models Duke (left) and Ella (right) shown in 3D (top row) and for an 

axial view through the center of the eyes (bottom row). SAR10g distributions were scaled to the maximum SAR10g 

value for Duke (0.61 W/kg) in order to highlight good qualitative and quantitative (0.54 W/kg maximum SAR10g value 

for Ella) agreement between SAR distributions for both human voxel models. The RF chain (its S-Matrix was 

measured by using a network analyzer) was included in the SAR simulations. Differences in SAR values arise from 

the anatomical differences between both models (mainly due to variations in shape of the skull and the nose). 

 

Transmit Field Mapping 

 

Phantom studies were conducted to compare the simulated B1
+ distribution with the 

measured transmit field for PO which was later used for in vivo human imaging. A transversal 

slice through the center of the phantom was aligned with the center of the RF coil to determine 

whether there were differences between transmit field measurements and simulations (Figure 

7A). The transmit field maps showed very good agreement both qualitatively and quantitatively 

(Figure 7B). These results demonstrate the validity of the RF coil design and support the 

credibility of the SAR simulations.  
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Figure 7: (A) Simulated (left) and measured (right) B1
+ field distribution in a central axial slice of the cylindrical 

phantom. B1
+ field was measured by using a phase-sensitive method. Two images with nominal flip angle FA = 90° 

were acquired: one with the non-selective composite pulse [2α0 α90] and the other one with the first sub-pulse 

reversed in sign [2α180 α90]. Pulse duration was 500 μs. The following parameters were used: TR= 160 ms, TE = 

0.5 ms, number of projections = 15000, radial samples = 732, max gradient amplitude = 4 mT/m, max gradient slew 

rate = 170 mT/m/s, nominal isotropic resolution = 3.0 x 3.0 x 3.0 mm3, pulse reference amplitude = 75 V. Flip angle 

maps were normalized to the RF input power. Four different profiles (I, II, III and IV) were drawn in both pictures. 

Light green color represents profiles for the simulated B1
+ map and red color represents profiles for the measured 

B1
+ map. (B) Quantitative comparison between all simulated and measured profiles. Simulated and measured data 

show very good agreement. 
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In vivo Feasibility Study 

 

The in vivo feasibility study yielded high spatial resolution 23Na MR images of the 

human eye at 7.0 T for female and male volunteers (Figure 8, 9 and 10). A nominal isotropic 

resolution of 1.4 mm3 was achieved within an acquisition time (TA) of 10 minutes and 50 

seconds. A nominal isotropic resolution of 1.0 mm3 was achieved with TA = 14 minutes and 

10 seconds. For the same spatial resolution, TA = 10 minutes and 50 seconds was used when 

TR was shortened to 13 ms. Three of the most important tissues in the context of sodium 

physiology can clearly be distinguished in all of the images: the vitreous humor, the aqueous 

humor and the lens.  

 

Figure 8:  In vivo 23Na image of the eyes of a healthy male volunteer (age = 26 years; BMI = 27.1 kg/m2) obtained 

with DA-3DPR imaging and filtered with Hamming filter demonstrated in sagittal and axial view. No method for 

sensitivity correction was applied. First row: nominal isotropic resolution = 1.4 x 1.4 x 1.4 mm3 was achieved within 

10 minutes 50 seconds using following parameters: TR/TE = 13/0.55 ms, number of projections = 50000, readout 

duration = 9.2 ms. Second row: nominal isotropic resolution = 1.0 x 1.0 x 1.0 mm3 was achieved within 14 minutes 

10 seconds by using following parameters: TR/TE = 17/0.55 ms, number of projections = 50000, readout duration 

= 13.3 ms. Third row: nominal isotropic resolution = 1.0 x 1.0 x 1.0 mm3 was achieved within 10 minutes 50 seconds 

by using following parameters: TR/TE = 13/0.55 ms, number of projections = 50000, readout duration = 9.3 ms. 
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Bottom row: proton reference images obtained with 1H basic coil (Siemens, Erlangen, Germany) and T2-weighted 

RARE imaging: TR/TE = 2940/74 ms, FOV = 384 x 384 mm2, in-plane resolution = 0.54 x 0.54 mm2, FA = 120°.  

 

 

Figure 9: In vivo 23Na image of the eyes of a healthy female volunteer (age = 29 years; BMI = 19.2 kg/m2) obtained 

using the same pulse sequence parameters, imaging protocol and procedure as for the male volunteer shown in 

Figure 8. 

 

SNR estimation of the data was conducted for one eye (sagittal slice in Fig. 7, 8 and 9) 

for female and male volunteers. The vitreous humor showed a mean SNRmale1  17, mean 

SNRmale2  21 and mean SNRfemale  28 for the data with isotropic resolution of 1.4 mm3. A mean 

SNRmale1  7, mean SNRmale2  8 and mean SNRfemale  12 was observed for the data with 

isotropic resolution 1.0 mm3 (TA = 10 min 50 sec). Aqueous humor yielded a mean SNRmale1  

18, mean SNRmale2  22 and mean SNRfemale  31 for the acquisition using isotropic resolution 

of 1.4 mm3. A mean SNRmale1  7, mean SNRmale2  8  and mean SNRfemale  13 was obtained 

for the images acquired with an isotropic resolution of 1.0 mm3 (TA = 10 min 50 sec). The 

signal-to-noise ratio averaged over all subjects involved in this study showed a mean  

SNRvitreous humor = 20±4 and mean SNRaqueous humor = 21±5 for the spatial resolution of 1.4 mm 
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isotropic and mean SNRvitreous humor = 8±2 and mean SNRaqueous humor = 9±2 for the spatial 

resolution of 1.0 mm isotropic (TA = 10 min 50 sec). Images (central sagittal slice) obtained 

from female volunteers (SNRvitreous humor = 23±5 and mean SNRaqueous humor = 25±6) revealed 

higher SNR versus male volunteers (SNRvitreous humor = 17±2 and mean SNRaqueous humor = 18±2).  

 

Figure 10: In vivo 23Na image of the eyes of a healthy male volunteer (age = 53 years; BMI = 23.5 kg/m2) obtained 

with an isotropic spatial resolution of 3 mm (top), 1.4 mm (middle) and 1.0 mm (bottom). A comparison between the 

low resolution data (3 mm isotropic) and the high resolution data (1.4 and 1.0 mm isotropic) facilitated by the 

performance gain of the proposed transceiver array underscores the need for enhanced spatial resolution to 

delineate all of the most important eye compartments. 
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Application of 3D-DLCS 

 

23Na MRI of the human eye was performed in one healthy, adult volunteer (sex: male; 

age = 26 years; BMI = 19.9 kg/m2). The data acquired with Nprojections = 50000, Naverages = 1, TA 

= 14.2 min were reconstructed with conventional gridding and applying Hamming filter (Figure 

11). The data with Nprojections = 10000, Naverages = 5, TA = 14.2 min were additionally 

reconstructed with the 3D-DLCS algorithm (block size B = 6, dictionary size D = 500, weighting 

parameter for dictionary representation λ = 0.5, sample number Nsamp = 500000). Furthermore, 

one reconstruction was performed for a reduced dataset (Naverages = 4, TA = 11.3 min). For 

sodium MRI of the eye two protocols were applied to achieve a nominal isotropic spatial 

resolution of 1 mm3 within an identical total acquisition time (TA) of 14 min 10 s: (A) Naverages = 

1, Nprojections = 50000; (B) Naverages = 5, Nprojections = 10000.  

 

 

Figure 11: Comparison of images which resulted from using two different protocols: (A) Naverages = 1, Nprojections = 

50000 and (B) Naverages = 5, Nprojections = 10000. Images were reconstructed with non-uniform fast Fourier transform 

(NUFFT) (top row) and with 3D dictionary learning compressed sensing (3D-DLCS) algorithm (bottom row). The 

image in bottom row (right) was obtained using only 4 averages what can be used in order to decrease scan time 

by about 3 minutes without losing fine details which are still present in the image. 
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Both datasets (A) and (B) were reconstructed with a standard reconstruction method and were 

used as baseline images. Dataset (B) was reconstructed with 3D dictionary learning 

compressed sensing (3D-DLCS) algorithm using 4 and 5 averages (Figure 11). Using only 4 

averages instead of 5 does not lead to any drop in the performance of the 3D-DLCS 

reconstruction algorithm and the quality of the final image. This gain can be used to reduce 

total acquisition time for protocol (B) by almost 3 minutes. It is demonstrated that applying 3D 
23Na dictionary learning compressed sensing reconstruction for 23Na in vivo MRI of the human 

eye at 7.0 Tesla preserves all of the details and leads to markedly reduced noise. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

In Vivo Potassium (39K) Magnetic Resonance Imaging of the Human Heart 

 

Partial results of the work, which are presented in this chapter, have been published in: 

D. Wenz, A.M. Nagel, J. Lott, A. Kuehne, S.C. Niesporek, T. Niendorf, „In Vivo Potassium 
MRI of the Human Heart at 7.0 Tesla“, Magnetic Resonance in Medicine 2019 Aug 27. doi: 
10.1002/mrm.27951. [Epub ahead of print]. 

 

Radio Frequency Coil Design 

 

The proposed RF coil design is comprised of two separate coil sets operating at f39K = 

13.9 MHz and f1H = 297.2 MHz (Figure 12A,B). It consists of an anterior and a posterior 

module, the former curved to conform to human torso. Each module is composed of one large 

loop element (270x280mm2) tuned to f39K, and two concentric smaller loop elements 

(220x200mm2) tuned to f1H. The 39K loop elements are built of copper tube (outer diameter = 

4 mm, wall thickness = 1 mm) and connected as a Helmholtz coil.  The four 1H loop elements 

(conductor width = 10 mm) were manufactured from 36 μm copper on a 0.5 mm FR-4 

substrate. Constructive interference in the heart was achieved via static transmit field (B1
+) 

shimming using appropriate phase delay cables. The adjacent 1H loop elements share a 

common conductor and were decoupled capacitively using a trimmer capacitor. Each channel 

of the four-channel 1H array was equipped with two cable traps tuned to f1H and f39K. For the 

39K Helmholtz coil, one cable trap tuned to f1H, was used (λ39K ≈ 22 m). The size of the 39K loop 

elements was chosen to provide acceptable signal uniformity in the ROI, and sufficient 

coverage of the heart. This latter criterion was also an important design consideration for the 
1H array, although its size was further modified to reduce coupling with the 39K coil. No 

additional circuits were used to decouple 1H from 39K, as both resonance frequencies are 

sufficiently far away from each other (Figure 12C). The placement of the proposed 39K/1H RF 

coil is slightly off the long axis of the torso, which helps to keep the connection between 

Helmholtz loops as short as possible. The coil casing, shown in Figure 13, was designed by 

using Autodesk Inventor Professional 2017 (Autodesk Inc, San Rafael, CA) and constructed 

from ABS material using a 3D printer (BST 1200es; Dimension Inc, Eden Prairie, MN). 
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Figure 12: (A) Schematic of the proposed 39K/1H RF coil. The pair of 39K Helmholtz loops are highlighted in green. 

Each loop is split equally by five capacitors CH. The whole structure was tuned to the resonant frequency of 13.8 

MHz and matched to 50 Ω using a balanced configuration. It is also equipped with one cable trap tuned to the 

resonant frequency of 1H. The 39K coil is connected through one T/R switch to the MR system. The four-channel 1H 

transceiver array is in black. It was equally split with capacitors CA (anterior part) and CP (posterior part). The 

adjacent elements were decoupled using capacitor CDCPL. Each of the elements was tuned to the resonant 

frequency of 297.2 MHz and matched to 50 Ω using a balanced configuration. Each channel was equipped with two 

cable traps tuned both resonant frequencies. (B) The RF signal was divided by using Wilkinson splitter and 

connected to the T/R switch box through phase cables which supported CP mode. (C) S-Parameter matrix averaged 

over 8 volunteers is shown for both resonant frequencies (13.9 and 297.2 MHz). Coupling between both coils was 

weaker at the lower frequency (S15 = -49.5 dB, S25= -34.6 dB, S35= -33.4 dB, S45= -35.3 dB) than at the higher 

frequency (S15 = -21.8 dB, S25= -29.3 dB, S35= -23.4 dB, S45= -33.0 dB). Averaged values for reflection coefficients 
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(297.2 MHz) were: -18.2 dB for S11, -24.2 dB for S22, -22.8 dB for S33, -23.7 dB for S44. The capacitive decoupling 

for the anterior part of the RF coil yielded S12 = -12.5 dB, and S23 = 16.0 dB for the posterior part. 

 

Radio Frequency Coil Performance 

 

The S-Matrices were measured at both resonance frequencies and averaged over 8 

volunteers (Figure 12C). Prior to all measurements, the proposed RF coil was placed on the 

cylindrical phantom and tuned and matched. The average reflection coefficient S55 for the 39K 

coil was -13.5 dB. Coupling between the 39K coil and the four-channel 1H array was found to 

be negligible at 13.9 MHz (all below -33.4 dB). Coupling at 297 MHz was within an acceptable 

range, between -21.8 dB and -33.0 dB. The phantom measurements yielded QUL = 141, QL = 

27, and the QUL/QL = 5.2 for the 39K Helmholtz coil. 

 

 

Figure 13: The proposed 39K/1H RF coil placed on a mannequin without (A) and with (B) upper part of the casing.  
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Electromagnetic Field and Specific Absorption Rate Simulations 

 

To achieve the circularly polarized (CP) mode within the ROI in the human voxel model 

Duke, the phases were set to: channel 1: -72°, channel 2: -297°, channel 3: -49°, channel 4: 

0°. The same phase setting was applied for the human voxel Ella (Figure 14). The B1
+ 

distribution for 39K was very similar for both human voxel models. The results for 1H show that, 

despite obvious anatomical differences, the CP mode can be used to produce acceptable in 

vivo anatomical reference images.  

 

Figure 14: Transmit field (B1
+) distribution for an axial cardiac plane of the human voxel models Duke (left) and Ella 

(right), for the resonant frequencies: 13.9 MHz (39K, top row) and 297.2 MHz (1H, bottom row). The black contours 

represent the anatomic features including the heart which is localized off-center. Based on qualitative assessment, 

the 39K Helmholtz loops provide good B1
+ homogeneity. The CP mode applied for the four-channel 1H array provides 

fairly constructive B1
+ interference for whole heart coverage.  

 

Local SAR values averaged over 10 g (SAR10g) were derived from the EMF simulations 

for both frequencies using the human voxel models Duke and Ella for an input power of 1 W 

(Figure 15). Local SAR maxima were found to be 0.21 W/kg for Duke and 0.23 W/kg for Ella 

for f39K and 0.46 W/kg for Duke and 0.37 W/kg for Ella for f1H. The 39K RF coil was driven with 

time-averaged forward power limited to 100 W in order to stay below the 20 W/kg limit (first 



39 
 

level controlled SAR) set by the IEC guidelines. The time-averaged forward power for 1H four-

channel array was limited to 40 W. 

 

Figure 15: SAR10g distribution for both resonant frequencies (13.9 and 297.2 MHz) for both human voxel models 

Duke and Ella shown in 3D. SAR10g distributions were scaled to the maximum SAR10g value for Ella (0.23 W/kg at 

13.9 MHz) in order to highlight good qualitative and quantitative (0.21 W/kg maximum SAR10g value for Duke) 

agreement between SAR distributions for both human voxel models. The maximum SAR10g values obtained at 

297.2 MHz were scaled to the maximum SAR10g for Duke (0.46 W/kg at 297.2 MHz) which was slightly higher than 

for Ella (0.37 W/kg). A hotspot on the back of Duke at 13.9 MHz results from close vicinity of vertebral disc with 

respect to the conductive element of the RF coil. In case of Ella, the vertebral disc is located further away from the 

coil. 

 

In Vivo Feasibility Study 

 

The in vivo feasibility study which yielded 39K images along with 1H images of the 

human heart (Figure 16). For 39K MRI of the heart, a nominal isotropic spatial resolution of 

(14.5x14.5x14.5) mm3 was achieved within 30 minutes of scan time.  
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Figure 16:  Left column: 1H images of the heart obtained from a healthy male volunteer (age = 27 years; BMI = 27.1 

kg/m2) by using following parameters:  TE/TR = 2.67/5.66 ms, FOV = (360 x 291) mm2, in-plane resolution = (1.4 x 

1.4) mm2, slice thickness = 4.0 mm, flip angle = 32°, acquisition time = 12 s. Middle column: in vivo 39K images of 

the same volunteer obtained using DA-3DPR imaging; filtered with Hamming filter and four-time zero filling and 

demonstrated in short axis (SAX), four-chamber (4CV), three-chamber (3CV) and two-chamber (2CV) view. The 

images were acquired with nominal isotropic resolution = 14.5 x 14.5 x 14.5 mm3 within 30 minutes by using 

following parameters: TR/TE = 30/0.7 ms, number of projections = 20000, readout duration = 5 ms. Right column: 

overlay of 39K and 1H images. 
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The SNR within the heart was estimated by dividing the signal in the ROI by the 

standard deviation of the signal in the background. The average SNR (mean/SD) was SNR = 

9.6 ± 2.4 (Figure 17; for male volunteers: MV1 = 9.2, MV2 = 8.7, MV3 = 8.7, MV4 = 6.3; for 

female volunteers: FV1 = 13.1, FV2 = 11.6). Based on supportive information obtained from 

anatomical reference images and the data that can be found in the literature (5,13), these 

regions correspond to the heart and the muscles of the thorax (anterior and posterior part). No 

significant destructive B1
+ interferences were observed for the cardiac area used for 1H MR. 

 

 

Figure 17. In vivo 39K MR images, shown in axial view, obtained from six healthy volunteers: four male (MV1, MV2, 

MV3, MV4) and two female (FV1, FV2), using the same imaging technique as in Figure 16, but different MR system 

(Terra, Siemens Healthineers, Erlangen, Germany). 
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Discussion 

 

Design of technology for 23Na MRI of human eye 

 

The first accomplishment of this work is to demonstrate that the proposed six-channel 

transceiver array supports high-spatial resolution, in vivo sodium imaging of the human eye at 

7.0 T. Images were achieved with a nominal isotropic resolution of 1.4 mm3 and 1.0 mm3 within 

a clinically acceptable scan time of about 10 minutes. The quality of the images permits clear 

distinctions between the vitreous humor, the aqueous humor and the lens.  

The data obtained for all of the receive channels were combined using the sum of 

squares method so that some of the lateral regions of the eyes appear brighter. To confirm the 

enhancement in spatial resolution permitted by the proposed transceiver array, data were 

acquired for healthy volunteers using exactly the same pulse sequence parameters and 

imaging protocol as for the 1.4 mm3 spatial resolution scan, with the exception that the spatial 

resolution was set to 3.0 mm3. The latter mimics the “typical” spatial resolution accomplished 

with volume coils tailored for 23Na MRI of the brain [30]. Figure 10 surveys the data obtained 

with an isotropic spatial resolution of 3.0 mm, 1.4 mm and 1.0 mm and underscores the gain 

in spatial resolution performance achieved by the proposed transceiver array.  

A second finding was that the 3D-DLCS reconstruction algorithm might be used for 

enhancing SNR in 23Na in vivo MRI of the human eye. This gain can be used to reduce the 

total acquisition time or enhance the spatial resolution of images. Conceptually, this 

improvement makes even submillimeter 23Na MRI of the human eye at 7.0 Tesla feasible within 

acceptable scan times. 

The RF coil is light-weight and can be applied to a human head of average size and 

proportions. Our measurements reveal an acceptable level of sensitivity to different loading 

conditions that should not be an issue when used with patients. B1
+ optimization yielded a 

phase setting with ample B1
+

 homogeneity within both eyes and low SAR values for both 

human voxel models Duke and Ella. Measured and simulated transmit field maps showed very 

good agreement. The proposed RF coil fulfills the safety requirements for local transmit arrays 

and poses no obstacles for future patient studies.  

One issue relevant to this design that does not affect the validity of the findings should 

be noted as an area for further improvement. The author used inductive decoupling to reduce 

severe coupling between non-adjacent elements, but this is a costly solution. The issue affects 

both the transmit efficiency and SNR and becomes apparent when the QUL/QL ratio is analyzed 

for all the elements. As expected, the ratios are lowest for elements 3 and 6, which are 
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overloaded with inductors. At lower frequencies, RF coils do not couple as strongly to the load 

– a reason we expected the QUL/QL ratio to be worse than that found, for example, at 300 MHz 

(the resonant frequency of protons at 7.0 T). These losses should be considered in the 

development of new designs. One obvious solution would be to use a multi-channel receive-

only array, which would probably provide benefits in terms of SNR, but this would require the 

design of a transmit-only (or transceiver) volume or semi-volume coil.  

 

Clinical potential for imaging sodium in the eye 

 

The potential of this project for clinical applications derives from the role of sodium in 

eye physiology. This discussion will consider the vitreous humor (VH), aqueous humor (AH) 

and the lens – tissues which are particularly clear in our images – as well as the retina, due to 

its key role in processing optical signals.  

The concentration of Na+ in the vitreous should be close to that of plasma, at around 

135 mmol/l [31]. Changes in concentrations of substances in the vitreous body likely reflect 

processes in adjoining tissues.  

Active secretion accounts for 80-90% of the total AH formation and is driven by primary 

active transport of Na+ [32]. This triggers the movement of other molecules through cell 

membranes. The functions of other co-transporters such as Na+/H+ and Na-K-2Cl, which are 

involved in further processes, depend on Na+ as well. This emphasizes the importance that 

Na+ plays in AH formation and potential reabsorption.  

Na+ is also essential for the normal functioning of the retina. Retina cells produce large 

§amounts of water and accumulate lactic acid, which is toxic. The retinal pigment epithelium 

(RPE), is a layer of this structure located between the photoreceptor layer and blood-retina 

barrier and is responsible for the elimination of these substances [33]. The elimination of water 

is driven by Na+/K+-ATPase located in the RPE epithelium. Lactic acid is removed by the 

monocarboxylate transporter, which is driven by the activity of Na+/H+ exchanger.  

The sodium concentration in the lens is much lower than in the VH, reported to be 

around 20 mmol/l. Ion circulation between the lens and the VH provides nutrients for the lens. 

This concentration gradient is driven by the activity of Na+/K+-ATPase, located in the lens 

epithelium [34].  

The crucial nature of these processes involving sodium ions, as well as their roles in 

tissue homeostasis, suggest that various pathologies may lead to abnormal sodium 

concentrations in the fluid compartments and tissues of the eye. Since these changes are 

potentially detectable in MRI, it is quite plausible that a non-invasive method of measuring 
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sodium concentrations in patients with various eye disorders will contribute to our 

understanding of disease pathologies and also yield important new diagnostic information. A 

consideration of what is known about glaucoma and cataracts, which are the leading causes 

of blindness, as well as eye tumors yield some indication of the role of sodium and the potential 

changes it undergoes during the development of these diseases.  

The biomedical literature contains multiple reports of elevated sodium content in 

different types of tumors [35-37]. Sodium imaging of the human eye in vivo at 7.0 T could be 

used as a complement to proton imaging data that might help in the planning of radiation 

treatments. Another potential use would be as a follow-up to proton beam therapy for 

intraocular tumors.  

Glaucoma is often associated with higher intraocular pressure (IOP). Cole [11] found 

that reducing plasma sodium concentration, and thereby plasma osmolarity, led to a decrease 

in concentrations of sodium in the AH and an increase in IOP which lasted for several hours.  

 The characteristics of cataracts also suggest that sodium levels might be informative. 

Sodium ions play a very important role in the maintenance of the Na+/K+ gradient between the 

lens and vitreous humor. This gradient is regulated by Na+/K+-ATPase in the epithelial cell 

layer of the lens. Substances which change membrane permeability are likely to be 

cataractogenic. Ex vivo studies have reported elevated sodium concentrations in cataractous 

lenses [10]. 

The results support the statement that sodium content in the lens is distinguishable 

from sodium content in the aqueous and vitreous humor. The pathologic alterations discussed 

above reveal that these observations might have clinical importance in a number of contexts. 

The broad roles of this element in processes related to eye physiology suggest a range of 

questions for ophthalmological investigations. 

 

Design of technology for 39K MRI of human heart 

 

The second accomplishment of this thesis is to demonstrate for the first time the 

feasibility of in vivo 39K MRI of human heart at 7.0 T. In vivo experiments revealed three regions 

in the 39K images with high signal intensity. Based on prior anatomical information, these 

correspond to the heart and thoracic muscles (anterior and posterior part). This is in agreement 

with the literature and previous studies which showed substantial K+ content in muscle tissue 

[5]. The spatial resolution (14.5 mm3 isotropic) and scan time (30 min) are encouraging for the 

development of clinical applications.  
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More than 20 years ago, Parrish et al. explored the theoretical basis for sodium and 

potassium MRI of the human heart at 1.5 T using simulations [12]. This pioneering work 

suggested that 39K MRI of the heart with isotropic spatial resolution of 13 mm3 and scan time 

of 30 minutes should be considered useful. These previous simulations revealed that the 

sensitivity that could be obtained at 1.5 T was not sufficient to achieve this goal, and that an 8-

fold increase in SNR would be required. We were able to approach this threshold with our 

experiments at 7.0 T.  

The proposed 39K/1H RF coil configuration supports in vivo 39K and 1H imaging of the 

human heart at 7.0 T. The 39K/1H RF coil is light-weight, ensures patient comfort and can be 

applied to an average human torso. Driving the 39K loop elements in Helmholtz mode provides 

good B1
+ field homogeneity, as demonstrated in our EMF simulations and in our in vivo 

measurements. The four-channel 1H transceiver array yielded anatomical images of good 

quality to serve as a reference for the 39K images. 

In the proposed RF coil, the loop elements for both resonance frequencies are placed 

in close proximity to the target anatomy and ROI used for imaging. This is advantageous for 

transmit efficiency, and is particularly useful for receive sensitivity of imaging experiments 

involving 39K (1H/39K  21). An elliptical birdcage RF coil might serve as an alternative design, 

but to achieve a similar transmit efficiency as the proposed RF coil array, such a design would 

have to be a very close-fitting volume coil. The QUL/QL ratio of 39K RF coil indicates that the 

losses are sample-dominated, which is not surprising for a large, close-fitting coil even at such 

a low resonant frequency.  

 

Clinical potential of imaging potassium in the heart 

 

Potassium ions are essential to survival, and their significance in cardiac physiology 

and metabolism extends beyond the function they play in the activity of Na+/K+-ATPase. 

Associations have been found between the K+ channels expressed in human heart and higher 

risk of arrhythmias, but the molecular mechanisms that link them remain poorly understood 

[38]. New types of data should help expose the mechanisms that link changes in the 

expression and functioning of cardiac K+ (and other) channels to arrhythmogenic 

cardiovascular disease.  

Potassium is very important in regulation of smooth muscle tone and blood flow. 

Alteration in smooth muscle K+ channel function may be involved in number of pathological 

conditions including vasospasm, hypertension, ischemia, hypotension during endotoxic shock 

and vascular reactivity during diabetes [14]. It has been demonstrated that irreversible injury 
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to myocytes is characterized by a decrease in tissue K+. Researchers have also reported that 

the increase in extracellular K+ concentrations caused by ischemia may underlie ventricular 

arrhythmia. 

Pathological alterations in K+ concentrations have profound clinical implications in a 

number of cardiovascular contexts, underscoring the broad roles of this element in processes 

related to heart physiology. In vivo 39K MRI offers an interesting alternative in exploring tissue-

specific pathophysiological changes, one which can complement 23Na MRI-based techniques. 

The accuracy of methods currently used to distinguish between extracellular and intracellular 

sodium is a topic of considerable discussion. This makes 39K MRI especially promising, since 

the physio-metabolic information it could provide can be associated almost exclusively with 

intracellular space. 

 

Future directions 

 

Another link between these two projects (eye and heart) lies in the growing realization 

that common mechanisms are engaged in cardiovascular disease and many eye diseases. 

This is particularly true with regard to aging and chronic conditions such as age-related macular 

degeneration, glaucoma and diabetic retinopathy [15]. In a sense this means that in the future, 

the eye might become a window into the heart. The eye is easily accessible and it is not only 

advantageous in the context of MRI, but also for other diagnostic devices developed for 

commercial purposes (e.g. initiative of Google), where the focus is to use the eye to predict 

cardiovascular risk. 

It is important to realize that neither in vivo 23Na nor in vivo 39K MRI can provide SNR 

that would be comparable to standard anatomical 1H imaging. The importance of these lies in 

the fact that they contribute to biomedical imaging in a different manner. Physio-metabolic 

parameters combined with biochemical dimensions such as concentration (volume or reaction) 

or reaction (millimoles/unit time) can be defined as “bioscales”. The unique possibility of 

quantification makes bioscales advantageous over biomarkers, which generally only correlate 

statistically to the outcome of a treatment [8].  

Both of the proof-of-principle studies here are limited by the lack of quantification of Na+ 

and K+ concentrations. An accurate quantification of sodium content in the eye’s compartments 

or potassium content in the heart requires very well-validated algorithms. This might be solved 

by building two separate phantoms (one for 23Na and the other one for 39K) with proper T1 and 

T2 relaxation characteristics. Such phantoms would have to be designed in a way that the 

coupling between the RF coil and the phantom mimicked the interaction between the human 
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head/torso. Sodium/potassium content quantification also requires corrections for the B0 field, 

transmit field and sensitivity. Another issue that needs to be addressed en route to reliable 

sodium quantification is correction for eye movement. This is of most relevance for the imaging 

of smaller compartments such as the aqueous humor and the lens. Since sodium in vivo 

imaging of the human eye has not yet been reported in patients, the author’s knowledge is 

based on ex vivo studies. This makes it unclear what kind and magnitude of signal intensity or 

changes in sodium concentration might be characteristic of diseases and disorders of the eye 

under in vivo conditions. An important first step would be to carry out a qualitative study of 

these changes first in a small patient cohort as a mandatory precursor to broader patient 

studies involving the quantification of tissue sodium content. 

The future of 23Na and 39K MRI of the heart will undoubtedly not end at 7.0 T, and the 

field is moving rapidly toward ultrahigh-field studies of such substances. Electrolyte mapping 

is a key application desired by the community of scientists and clinicians who are pushing for 

14.0 T and 20.0 T human MR scanners [39], as outlined in a report of the National Research 

Council on high magnetic field science and its applications [40]. This report forwarded a call 

for a 20.0 Tesla wide-bore MR system – a technical development inspired by recent progress 

at 7.0 T. The sensitivity gain at 20.0 T is expected to reduce scan times e.g. for 39K MRI by a 

factor of 8, compared to the 7.0 T capabilities available today. While this is, for the moment, 

merely a vision, it promises potassium MR with an isotropic spatial resolution of 8 mm 

(assuming linear noise model) achievable at a scan time comparable to that of our study. 

Together with other X-nuclei such as 23Na and also 35Cl, this will open new opportunities for 
39K MRI to drive the exploration of crucial structures, functions and physio-metabolic processes 

of the heart, eye and other tissues as a means of deepening our understanding of states of 

health and disease. 
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