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ABSTRACT 

Potassium-39 (39K) magnetic resonance imaging (MRI) is a noninvasive technique which 
could potentially allow for detecting intracellular physiological variations in common 
human pathologies such as stroke and cancer. However, the low signal-to-noise ratio 
(SNR) achieved in 39K -MR images hampered data acquisition with sufficiently high spatial 
and temporal resolution in animal models so far. Full wave electromagnetic (EM) 
simulations were performed for a single-loop copper (Cu) radio frequency (RF) surface 
resonator with a diameter of 30 mm optimized for rat brain imaging at room temperature 
(RT) and at liquid nitrogen (LN2) with a temperature of 77 K. A novel cryogenic Cu RF 
surface resonator with home-built LN2 non-magnetic G10 fiberglass cryostat system for 
small animal scanner at 9.4 T was designed, built and tested in phantom and in in vivo MR 
measurements. Aerogel was used for thermal insulation in the developed LN2 cryostat. In 
this paper, we present the first in vivo 39K-MR images at 9.4 T for both healthy and stroke-
induced rats using the developed cryogenic coil at 77 K. In good agreement with EM-
simulations and bench-top measurements, the developed cryogenic coil improved the SNR 
by factor of 2.7 ± 0.2 in both phantom and in in vivo MR imaging compared with the same 
coil at RT.  

Key words: Aerogel, cryogenic cooling, electromagnetic (EM)-simulations, in vivo 39K-MRI, 
liquid nitrogen (LN2) cryostat, magnetic resonance imaging (MRI), middle cerebral artery 
occlusion (MCAO), potassium-39, 77 K, radio frequency (RF) surface resonator  
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INTRODUCTION 

Recent magnetic resonance imaging (MRI) studies of the tissue sodium concentration 
(TSC) revealed that an irreversible increase in local TSC occurs in permanently dam- aged 
stroke tissue (1). Nevertheless, monitoring the intracellular sodium-23 (23Na) 
concentration via multiple quantum coherence filters (2) or chemical shift reagents (3) 
proved to be difficult up-to-date. The cellular sodium-potassium pump (Na+/K+ ATPase) 
regulates the intracellular and extracellular concentrations of 23Na ( 12 mM intracellular 
and 145 mM extracellular) and 39K ( 145 mM intracellular and 4 mM extracellular) 
ions in order to maintain the resting cell membrane potential and cellular volume (4). 
Since the 39K ion concentration is much higher in the intracellular space ( 30 times), 39K-
MRI could provide important information on the maintenance of transcellular ion 
gradients and Na+/K+ ATPase activity. 39K-MRI offers a unique tool to function as an 
intracellular biomarker for monitoring the tissue viability in therapy planning (5). Since K+ 
is the counterpart of Na+ in the Na+/K+ ATPase, any defects in Na+/K+ pump could be also 
visible in potassium images. However, 39K-MRI suffers from about two-million times lower 
signal compared to hydrogen-1 (1H), which is caused by an approximately 20 times lower 
gyromagnetic ratio (1.99 MHz/T), low biological in vivo concentration, lower MR 
sensitivity, and a much faster T2* decay (< 1 ms) (6). A triple resonant radio frequency (RF) 
coil setup of 1H, 23Na, and 39K was used to acquire the first in vivo 39K-MR image of a rat 
head at 9.4 T (7). A signal-to-noise ratio (SNR) of about 4 was achieved in in vivo 
experiment of a live rat head using a 3D fast low angle shot (FLASH) sequence at a 
resolution of 3 x 3 x 6 mm3 in 54 min acquisition time. 

The RF resonator plays an essential role in increasing the SNR in conjunction with fast 3-D 
imaging sequences. The SNR could be possibly improved to have a high-quality image with 
good spatial resolution in a short acquisition time. The main noise sources in a well-
designed MRI receiver RF coil are the internal coil noise due to the electrical resistance of 
the coil itself and the sample noise induced by lossy conductive samples (8). Reducing 
either one of them will improve the SNR and hence the image quality. Cryogenic cooling of 
conventional Cu using liquid nitrogen (LN2) with a temperature of 77 K or liquid helium 
(LHe) with a temperature of 4.2 K enhances the coil sensitivity by reducing its resistance 
and temperature (9). The unloaded Q-factor of a Cu RF surface resonator increases by 
factor of 2–3 through cryogenic cooling by LN2 to 77 K (10). A significant SNR gain can be 
achieved when the coil noise dominates the sample noise at lower frequencies and for 
small coil sizes. Furthermore, cryogenic cooling could be advantageous at 18.68 MHz 
(Larmor frequency for 39K-MRI at 9.4 T) and for small resonator dimensions. Several 
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studies have proven that cryogenic cooling of conventional Cu or high temperature 
superconducting (HTS) surface resonator to 77 K have a significant SNR gain at lower 
frequencies (10-12). A 2.7-fold SNR gain was achieved in in vivo 1H-MRI of a human finger 
using a 17 mm in diameter Cu surface resonator cooled down by LN2 to 77 K at 64 MHz 
(Larmor frequency for 1H-MRI at 1.5 T) (10). In a previous study, a Cu coil was cooled down 
by helium gas to 30 K and a twofold SNR gain was achieved in in vivo 1H mouse brain MRI 
at 200 MHz (11). 

To further reduce the coil resistance, the HTS YBCO or HTS tape material could be used in 
place of Cu. The HTS surface coil can improve the SNR gain depending on the relative 
contribution of the sample and coil noise (i.e., the operating frequency, B0-field, coil size, 
and sample properties). Thus, a higher SNR gain by factor of 3–4 can be achieved at 77 K 
depending on the sample properties compared to room temperature (RT) Cu coil of the 
same identical geometry. Several studies proved that an HTS surface coil have a significant 
SNR gain by cryogenic cooling to 77 K in in vivo MRI applications ranging from 0.17 to 3 T 
(13-21). A relatively large HTS spiral surface resonator of 70 mm in diameter cooled down 
to 77 K at 8 MHz (Larmor frequency for 1H-MRI at 0.17 T) and 3.2-fold SNR gain was 
achieved in in vivo human hand MR imaging (13). A small HTS surface coil of 12 mm 
effective diameter was cooled down to 77 K to improve the SNR gain by factor of 3.2 in in 
vivo human skin microscopy (14). Recently, a comparison study between electromagnetic 
(EM)-simulations and MR experimental results was presented at 128 MHz (Larmor 
frequency for 1H-MRI at 3 T) using 40-mm diameter HTS tape surface resonator (21). A 3.8-
fold SNR gain was achieved on phantom images. 

The effect of the sample parameters on the coil sensitivity such as sample conductivity, 
sample size, sample geometry, and coil-to-sample distance could be calculated accurately 
using EM-simulations (21-23). Furthermore, when determining the receive sensitivity via 
the principle of reciprocity, the (B1/I) field at a certain depth could be calculated 
accurately by taking the effect of both coil and sample resistances into account. Therefore, 
EM-simulation was used to optimize the coil diameter at 300 and 77 K to enhance the 39K 
signal for rat brain imaging at 9.4 T. Recently, an EM-simulation study as well as in vivo MR 
measurements was presented at 128 MHz using an optimized cryogenically cooled single-
loop coil with a diameter of 20 mm (22). The coil diameter was carefully optimized by 
using EM-simulations to maximize the SNR in three different areas of mouse anatomy (in 
the brain, hind legs, and liver). Furthermore, a developed single loop (24) and spiral-two-
turn (25) RF surface resonators at RT were used to enhance the SNR for 39K-MRI at 9.4 T. 
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In this paper, EM simulations were used for careful optimization of coil diameter at 300 
and 77 K for rat brain imaging at 18.68 MHz. A novel cryogenic Cu RF surface resonator 
with 30 mm in diameter with home-built LN2 nonmagnetic G10 cryostat system for small 
animal scanner at 9.4 T was designed, built, and tested in phantom and in vivo MR 
measurements. Both phantom and in vivo MR results showed that the developed 
cryogenic coil improved the SNR gain by factor of 2.7 ± 0.2 compared with the same coil at 
RT. 

MATERIAL & METHODS 

Analytical Approach 

Analytical expressions of coil resistance Rc (8) and sample resistance Rs (26) were derived 
with a solenoid surface coil loaded with an infinite homogenous half-space of a uniform 
conductivity σ located at distance d from the plane of the surface coil. The half-space 
approximation maximizes the sample losses, which means that the coil losses are typically 
underestimated relative to the sample ones (i.e., the higher the coil noise relative to the 
sample noise, the more beneficial to cool down the receiver) (9). However, the half-space 
sample approximation is inaccurate in many cases, for example, in small animal MRI 
applications (rat or mice MR imaging). This is because Rs changes significantly with sample 
size, sample geometry, sample conductivity, coil size, and coil geometry. Therefore, the 
approximation of Rs to an infinite half-space with a homogeneous conductivity will lead to 
an inaccurate estimation of SNR gain (22). 

EM-Simulations 

In order to design the optimal cryogenic Cu RF surface coil that enhances the SNR gain in 
rat brain at 18.68 MHz, full-wave EM-simulations were used. The simulations were carried 
out using CST Micro-Wave-Studio (MWS) (CST AG Darmstadt, Germany). Due to the small 
resonator dimensions in terms of the wavelength at 18.68 MHz (the free-space 
wavelength λ0 = 16 m) and due to the high Q-factors of cryogenic RF surface resonator, 
the frequency domain solver (FDS) with adaptive tetrahedral mesh refinement algorithm 
was found to be the appropriate approach for simulating an RF surface resonator at 300 
and 77 K. The simulations were computed for a series of single-loop Cu surface coils 
ranging from 10 to 50 mm with 2-mm wire thickness for both loaded and unloaded 
conditions. The desired region-of-interest (ROI) is the rat brain with an average size of 
about 10 mm from the skull, so that the desired penetration depth is about 15 mm from 
the coil surface taking into account the 5-mm layer for thermal insulation. The CST 
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numerical simulation model for the optimal RF surface resonator for both loaded and 
unloaded conditions is shown in Fig. 1. 

Figure 1: CST simulation model 
for the optimal 30 mm in 
diameter Cu RF surface 
resonator with 2-mm wire 
thickness resonating at 18.68 
MHz: (a) unloaded and (b) 
loaded.  

 

In simulations, one series capacitor for matching and one parallel capacitor for tuning 
were used. The background material was chosen to be air to define a preferably realistic 
simulation environment. In order to save computational time, a cube-shaped boundary 
box of 50 × 50 × 50 mm3 was set in each x, y and z directions. The RF coil was placed in the 
center of the boundary box. The bandwidth was set to 2 MHz with the center frequency of 
18.68 MHz for all structures. The input power was set to 1 W for all coils. For each 
structure, the added space for open boundaries has been limited to ten times the model's 
boundary box diagonal because the structure is very small in terms of the smallest 
wavelength. 

In order to simulate the proposed RF coil at 300 and 77 K, the adaptive tetrahedral mesh 
refinement option enabled to increase the mesh accuracy and to enable curvature 
refinement. The 3-D structure was subdivided into small tetrahedrons. The CST FDS setting 
parameters greatly influence the quality of the mesh and thus the accuracy of the EM-
simulation results. The finer the mesh, the more accurate the EM-simulation results, but 
more computational time needed. The general setting mesh parameters were increased 
manually step by step until no change in Q-factor value was observed at each 
temperature. The meshing parameters were set as follows: the steps per wavelength = 15, 
the minimum number of steps = 15, minimum number of passes = 3, maximum number of 
passes = 8, the accuracy of tetrahedral mesh = 1e-4. The mesh adaptation terminated after 
three passes because the desired accuracy limit was reached. The S-parameter 
convergence criterion was defined to be 0.01 and it has been satisfied after calculating 
about six frequency samples. The CST FDS offers a reliable mesh adaptation refinement 
algorithm and several simulation convergence criteria, sufficient to obtain reliable data in 
one simulation run. The project mesh reached about 125,000 tetrahedral after eight mesh 
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adaptation steps. Each structure was simulated within about 30 min computational time 
using a standard personal computer (AMD Dual-Core processor 2.5 GHz, 4-GB RAM). 

To simulate an RF coil at different temperatures, we considered the resistivity of 
conventional Cu as a function of temper- ature at the residual resistivity ratio of 20 (27). 
The Cu conductivity was set to σRT = 5.8 × 107 S/m at 300 K, σ77 K = 4.65 × 108 S/m at 77 K. 
The sample load was modeled by a cylindrical phantom of 30 mm in diameter, 80 mm in 
length with εr = 78, and σ = 0.5 S/m (14). All resonators were tuned and matched to the 
resonance frequency of 39K-MRI at 9.4 T (18.68 MHz). The S11-return loss (i.e., the 
reflection coefficient measured on a network analyzer) was simulated for all coils. 

Once the steady state of EM-simulations was obtained at each temperature for each coil 
size, 1) the Q-factors were evaluated in both loaded and unloaded conditions; and 2) the 
input coil resistance (Rc) and total input resistance (Rt) were evaluated from the real part 
of the input impedances for unloaded and loaded conditions, respectively. The sample 
resistance Rs was evaluated as: Rs = Rt − Rc  (22). At each temperature, the (B1/I) field was 
evaluated at 18.68 MHz for each coil size and exported for postprocessing using MATLAB. 
The sample temperature Ts was assumed to be 310 K (9, 14). 

Cryostat Design 

Building nonmagnetic, stable temperature cryostat system is the main challenge for 
developing cryogenic coils especially for X-nuclei (nonproton) MRI such as 39K-MRI at 9.4 
T for the following reasons. 1) A certain effort is required to provide a warm environment 
for the animal with good thermal insulation to keep the animal alive during the MR 
experiment. 2) The coil-to-sample distance has a significant effect in the SNR and it has 
to be minimized in order to enhance the coil sensitivity. Therefore, the EM-simulations 
need to take this effect into account in order to estimate the real benefit of a cryogenic 
coil over an RT setup. 3) The electrical stability of the cryogenic coil in terms of uniform 
temperature cooling, stable Q-factor, and resonance frequency for long-time MR mea- 
surement are further challenges. 4) External fine tuning and matching circuits were 
required to match and tune the cryogenic coil again after cooling by LN2 to 77 K under 
different loading conditions inside the magnet. 5) Ease of handling to the animal during 
the MR measurement is an important issue. 6) Due to the limited space inside the bore 
for small animal scanner at 9.4 T, more restrictions in the developed cryostat housing 
dimensions had to be considered in RF coil design. The developed cryostat housing 
composed of four main sections as will be discussed separately in detail in the following  



503173-L-bw-Shanbhag503173-L-bw-Shanbhag503173-L-bw-Shanbhag503173-L-bw-Shanbhag

 
 
 

 
 
 

56 

sections. 

1) Reservoir: The reservoir is an insulating Styrofoam box of length, width, height, and 
thickness of 36, 26, 28, and 4 cm, respectively to be filled with LN2 as shown in Fig. 
2(a). It was fixed at the back section of the scanner for mechanical stability during 
the whole experiment time. Filling the reservoir with about 2 L of LN2 was found to 
be enough for an experiment time of 1 h with stable Q-factor, resonance frequency, 
and uniform temperature cooling. For long-time MR imaging experiments, the 
reservoir can be refilled easily. 

Figure 2. (a) Schematic representation 
of the cryostat system. (b) Prototype of 
LN2 G10 cryostat housing to cool down 
a 30 mm in diameter Cu RF surface coil 
for 39K-MRI at 9.4 T (18.68 MHz). The 
external fine tuning and matching 
circuits were fixed on the front section 
of the G10 cryostat. In the current 
setup, aerogel was used for thermal 
insulation. 

 

 

 

 

 

 

 

2) Inlet/Outlet LN2 Pipes: To have a uniform temperature cooling and stable Q-factor 
during the whole MR experiment at 77 K, two pipes of length, diameter, and 
thickness of 45, 1.4, and 0.1 cm, respectively, were used for inlet/outlet LN2 paths. 
Pipe 1 was connected to the bottom of the external reservoir and extended to the 
front section of the G10 cryostat where the RF surface coil was fixed. Pipe 2 forms 
L-shape to vent the boiled off LN2 gas out from the cryostat. Both pipes were 
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thermally insulated using a Styrofoam to slow down the boiling of LN2 and also for 
more mechanical stability inside the scanner as shown in Fig. 2(b). 

3) Using Aerogel for Thermal Insulation: The thermal insulation of the cryostat is one 
of the most important aspects which must be considered in order to keep the 
temperature of the coil suitable for in vivo measurement. For designing a cryogenic 
coil it is important to choose the appropriate material for thermal insulation to 
prevent the sample from freezing. Aerogel TLD 302 granules (Cabot Corporation, 
Massachusetts, USA) was used for thermal insulation. This is because it has a very 
low density and low thermal conductivity of approximately 10–20 mW/mK 
compared to Styrofoam with a value of 30–50 mW/mK. With thermal conductivity 
of—two to four times lower than that of traditional materials such as polyurethane 
foam, aerogel provides much higher thermal efficiency with the same thickness. 
The thermal conductivity of an aerogel material depends on its composition, form 
factor and density, as well as the temperature of its environment. Silica aerogel-
based materials are typically used for insulating purposes. 

4) G10 Cryostat Design: Different materials were used for building LN2 cryostats such 
as Styrofoam (28), PVC (10), Teflon (PTFE) (22), G10 fiberglass (13, 15), ceramic, 
and borosilicate glass (Pyrex glass) (21, 29, 30). In this paper, G10 fiberglass was 
selected due to its high mechanical stability under high pressure of LN2 at 77 K. The 
geometry of the developed cryostat is restricted to the small bore of the Bruker 9.4 
T animal scanner which is 11.7 cm in diameter. In addition, more effort is required 
to leave enough space for the examination object, the insulation material and the 
inlet/outlet LN2 pipes which were connected to the external reservoir for closed-
loop LN2 circulation. 

The developed cryostat system consists of two main sections. The first back section is a 
cylindrical shaped part to keep a suffi cient quantity of LN2 to cool down the RF coil. This 
section was made from two concentric 15-cm-long G10 fiberglass tubes of 4.2 and 7.4 
cm outer diameters, respectively. The wall thickness of both tubes is 1 mm. The gap 
between both cylinders (1.5 cm) was filled with aerogel particles for thermal insulation. 
The inner tube is connected directly to the second section (half-cylindrical shaped), 
where the RF coil was fixed. For more mechanical stability and more thermal insulation, 
a third 15-cm-long G10 tube of 11.2 cm outer diameter and 2 mm wall thickness was 
positioned around the 7.4-cm cylinder. The gap between both cylinders (1.7 cm) was 
filled also with aerogel particles. 
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The second front section is a half-cylindrically shaped part where the sample can be 
placed underneath. This section was made from two concentric 24-cm-long G10 
fiberglass tubes of 4.2 and 7.4 cm outer diameters, respectively. The gap between both 
the half-cylinders (1.5 cm) was filled with aerogel particles for thermal insulation. The 
bottom of the tubes was closed with an epoxy layer of 0.5-mm thickness as shown in Fig. 
2(a). The single-loop Cu RF coil with 30 mm in diameter was fixed at the end of the G10 
front section to have 74.8 cm total distance from the center of the coil to the end of the 
magnet. For the thermal insulation between the RF coil and rat head, 5-mm thickness 
Cryogel Z layer (Insulation GmbH Krefeld, Germany) was used. In order to decrease the 
distance between the coil and the sample, the insulation layer was compressed to about 
4.5 mm. The total distance between the RF coil and the nearest point of the sample is 5 
mm. Fig. 2(b) shows the first home-built LN2 G10 cryostat prototype designed for 39K-MRI 
at 9.4 T. 

Cryogenic RF Surface Coil Design 

A single-loop Cu RF surface coil of 30 mm in diameter with 2-mm wire thickness was 
designed and built. The symmetric splitting tuning capacitance (Ct1 = 2446 pF) composed 
of five fixed (high Q-factor, high voltage, and nonmagnetic) capacitors of 2 × 1000 pF, 2 × 
173 pF, and 1 × 100 pF were connected in parallel. The total tuning fixed capacitance 
(Ct1/2 = 1223 pF) was used to tune the developed cryogenic coil at 18.68  MHz. 

 

 

 

 

Figure 3. Circuit diagram of the 30 mm in diameter cryogenic Cu RF surface coil for 39K-MRI at 9.4 T with 
tuning and matching circuits. The symmetric splitting tuning capacitance Ct1 = 2446 pF composed of five 
fixed capacitors of 2 × 1000 pF, 2 × 173 pF, and 1 × 100 pF are connected in parallel. The total tuning 
capacitance (Ct1/2 = 1223 pF). The external fine tuning and matching circuits composed of Ct2 = 60 pF, Ct3 
= 1–120 pF, and Cm = 1–120 pF. The length of the semirigid RF cable is 8 cm. 

The RF coil and capacitors were fixed inside the LN2 path above an epoxy layer of 0.5-mm 
thickness and connected directly to the external fine tuning and matching circuits via a 
short semirigid RF cable of length 8 cm. The external fine tuning and matching circuits 
were fixed on the top of the front section (half- cylindrically shaped) of the G10 cryostat 
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as shown in Fig. 2(b). The RF coil was externally fine-tuned by connecting a variable 
capacitor of Ct3 = 1–120 pF in parallel with another fixed capacitor of Ct2 = 60 pF to 
compensate for the frequency shift after cooling and with different loading conditions 
inside the magnet. The RF coil was matched to the 50 Ω coaxial cable impedance by a 
variable capacitor of Cm = 1–120 pF connected in series with the RF cable line. The 
external fine tuning and matching variable capacitors were connected with a flexible two 
nylon rods of length 100 cm for easy matching and tuning. Fig. 3 shows the equivalent 
circuit diagram of the developed cryogenic RF coil designed for 39K-MRI at 9.4 T. 

Simulated and Measured SNR Gain 

The RF sensitivity factor (SRF) that contributes to the SNR of an MR image can be written 
as (8, 9) follows:  

 

where (B1/I) is the magnetic flux density in the receiving coil induced by a unit current, Rc 
is the coil resistance, Rs is the sample resistance, Tc is the coil temperature, and Ts is the 
sample temperature.  

 

The SNR gain between both coils can be estimated according to (8, 10) 

 

where Qun ,300 is the unloaded Q-factor at 300 K and Qun ,77 is the unloaded Q-factor at 77 K. 
Equation [2] assumes that both coils at RTand 77 K have the same (B1/I) field profiles (i.e., 
they should have the same identical geometry and the same identical size) and only 
Johnson’s noise was considered (10, 22). Both simulated and measured Rc and Rs at RT and 
77 K can be calculated from the unloaded and loaded Q-factors as follows: 
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where L is the coil inductance, C is the coil capacitance, and f is the Larmor resonance 
frequency. The developed cryogenic coil was tested first on bench by measuring the 
unloaded and loaded Q-factors at RT and 77 K. The stability of the coil at 77 K in terms of 
its Q-factor, resonance frequency, and temperature were monitored during 1 h 
experiment. The temperature at the surface of the phantom and rat head was measured 
by a Cernox CX-1050-Cu-HT temperature sensor (Lake Shore Cryotronics, Ohio) and 
displayed with a temperature monitor Model 211 (Lake Shore Cryotronics, Ohio). The Q-
factors were measured using network analyser (Rhode & Schwarz GmbH & Co. KG, 
Munich, Germany). For all Q-factors measurements at RT and 77 K, the developed 
cryogenic coil was matched and tuned at 18.68 MHz. The Q-factors were calculated from 
the S11 measurements. The phantom is a cylindrical jar of 8-cm length and 2.8-cm inner 
diameter was filled with 150-mM KCl solution. The loaded Q-factor measurements were 
repeated for the loaded condition with the rat head. 10 min after filling the reservoir by 
about 2 L of LN2, the coil was achieved a stable condition concerning its Q-factor for the 
next 1 h. 

MR Measurements 

All experiments were performed on the 9.4 T Biospec 94/20 USR (Bruker BioSpin GmbH, 
Ettlingen, Germany) small animal MR system allowing a maximum gradient strength in the 
range of 660–740 mTm−1 and a maximum slew rate of about 6000 Tm−1s−1 . For less 
sensitive X-nuclei such as 39K-MRI, a reference 1H-RF coil with a higher signal is very 
important for the following reasons. 1) It is essential for optimization and RF power 
adjustments (i.e., the B0-field homogeneity, RF pulse power, and the basic frequency). 2) It 
is necessary in our case for specifying the stroke region. 3) It is further more important to 
include 1H imaging to allow for coregistration of lower resolution 39K images with high-
resolution 1H anatomical images.  

1) 1H-MR Measurement at RT: A home-built animal bed compatible with the developed 
cryogenic coil was built using G10 half-cylinder to acquire both 1H and 39K images without 
changing the reference position. In order to keep the environment around the rat body 
warm enough for the in vivo MR measurements, a warm water circulation system of 
temperature around 40 ºC was supplied to a heating bed fixed under the animal body by 
input/output plastic pipes. The ports for isoflurane, respiration, and temperature sensors 
were connected. Two small vials of length 3 cm and diameter 1 cm filled with 150 mM KCl 
solution fixed on the G10 half cylinder around the rat head for slice coregistration. First of 
all, the 1H birdcage linear volume resonator (Bruker BioSpin GmbH, Ettlingen, Germany) 
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was used to acquire anatomical 1H images at RT. Then, the birdcage volume resonator was 
removed and the cryogenic coil loaded with rat was inserted at the same reference 
position. All RF coils were operated in transmit/receive (TXRX) mode. 1H T2-weighted 
images were acquired using a multislice multiecho (MSME) sequence with the following 
parameters: FOV = 6.4× 6.4 cm2, TR = 1000 ms, TE = 14 ms, (0.25 × 0.25) mm2 inplane 
resolution with 16 axial slices of 2-mm thickness, and an interslice distance of 2 mm. The 
total measurement time (TA) was 4.16 min.  

2) 39K-MR Phantom Measurement: The cryogenic coil was tested first in phantom filled 
with 150 mM KCl solution before starting the in vivo measurement. The optimum RF 
transmitted power was calibrated manually to ensure the same flip angle and to maximize 
the signal amplitude. The SNR was calculated by dividing the difference between the mean 
signal of an ROI and the mean magnitude (MEAN) of the background noise by the 
standard deviation (SD) of the noise as follows: 

 

3) Three-Dimensional-Chemical Shift Imaging (CSI) Sequence: The 3-D CSI sequence was 
used for 39K-MRI since the short relaxation times T1 allow for very short repetition times 
(TRs). The CSI sequence acquires the whole free induction decay for each phase encoding 
step. The 39K-CSI measurements were performed with Hanning-weighted k-space 
acquisition to reduce Gibb’s ringing and to increase the SNR. The matrix size was increased 
to keep the same resolution as in the nonweighted case. For all measurements, the 
acquired matrix size is given together with a matrix size corresponding to a nonweighted 
CSI measurement with equal spatial resolution. A matrix size of 27 × 27 × 13 was used 
corresponding to a matrix size of 16 × 16 × 8 in a nonweighted acquisition experiment (3).  

A hard (block) RF pulse of 100 μs duration was used for excitation. Together with the 
phase encoding duration, this leads to an acquisition delay of 520 μs for all 
measurements. The acquisition delay was defined from the middle of the RF excitation 
pulse until the beginning of the acquisition window which includes the 3-D phase 
encoding gradients and a system-specific gradient delay. The RF pulse length of 100 μs and 
the corre- sponding bandwidth of 6400 Hz were calibrated to maximize the 39K signal 
intensity. In addition, 100 μs RF pulse was calibrated to prevent from higher power 
loading. The optimal RF transmit power was calibrated manually ( 3 dB) at both 
temperatures (300 and 77 K) to ensure the same flip angle and to maximize the signal 
amplitude.  
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The field-of-view (FOV) of 6.4 × 6.4 × 3.2 cm3 was adapted with the nonweighted matrix 
size of 16 × 16 × 8 to save phase encoding steps in z-direction, which resulted in a spatial 
resolution of 4 × 4 × 4 mm3 if blurring due to T2  effects is neglected. For all MR 
measurements, a TR of 20 ms was used. For both phantom and in vivo healthy MR 
measurements, the total number of repetitions of 90,000 led to a total acquisition time of  
30 min. However, for stroke-induced rat MR measurement, the total number of 
repetitions was doubled to 180,000 leading to total scan time of 60 min. The CSI data was 
reconstructed using a routine written in MATLAB. 

4) In Vivo 39K-MR Measurement:  1) The animal was fixed  on the home-built animal bed 
holder with warm water circu- lation system, and then it was fixed underneath the 
cryogenic RF coil in such a way that the rat brain was positioned exactly at the center of 
the coil as shown in Fig. 4(b). 2) The cryogenic coil was inserted at the same 1H reference 
position to acquire 39K-MR images at both RT and 77 K,  respectively. 3) The reservoir was 
filled with about 2 L of LN2 without moving the coil from its reference position. The 
developed cryogenic coil reached a stable temperature of 77 K after about 10 min. Stable 
electrical performance in terms of the Q-factor at 77 K and the resonance frequency, with 
minimal variations during the 1 h imaging experiment was obtained. In this paper, two 
animals were measured in vivo. The first one was a healthy rat and the second one was a 
stroke-induced rat. 
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Figure 4. (a) Protocol for surgery and imaging time points for stroke-induced rat. (b) Schematic 
representation of home-built animal bed setup with warm water circulation system compatible with the 
developed cryogenic coil at 77 K. 

5) Focal Cerebral Ischemia Model: Adult male Sprague-Dawley rats (Janvier, Isle St. 
Genest, France) weighing 300 g underwent occlusion of the middle cerebral artery 
occlusion (MCAO) using an intravascular monofilament as described previously (31, 
32) under the guidance of laser Doppler flowmetry. 2 h later, the filament was 
withdrawn to allow reperfusion (REP). The animal was later allowed to recover and 
transferred to its home cage. Animal housing, care, and application of experimental 
procedures were in accordance with institutional guidelines under approved 
protocols. At 48 h post MCAO, the animal was reanesthetized with isoflurane (5% 
induction; 1.5–2.0% maintenance) in oxygen: nitrous oxide mixture (30:70%) 
delivered using a nose cone and placed in the home-built animal bed and steadily 
fixed as shown in Fig. 4(a). Subcutaneous injection of atropine (5 μg/100 g body 
weight; Essex Pharma, Munich, Germany) was given as a premedication to reduce 
bronchial secretions during the whole procedure. Both healthy and stroke- induced 
rats were then imaged for 1H and 39K measurement according to the setup shown in 
Fig. 4(b). 
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RESULTS 

EM-Simulations 

Fig. 5 shows the normalized SRF distributions of [eq.1] were plotted against coil diameter 
for a series of single-loop RF surface resonators at 300 and 77 K. For the ease of 
visualization, all SRF values at 77 K were normalized to the maximum SRF value achieved by 
the optimal 30 mm RT-coil. The optimal coil diameter for rat brain imaging at 15 mm 
depth was about 30 mm for both at 300 and 77 K as shown in Fig. 5. The predicted 
sensitivity gain was calculated to be 2.83-fold at 77 K. In addition, the 30 mm coil diameter 
was selected as an optimal coil for 39K-MRI rat brain imaging at 77 K due to its better B1-
field penetration with large FOV to cover the whole rat brain. 

Figure 5. Normalized SRF distributions of (1) are 
plotted against the coil diameter for a series of 
single-loop RF surface resonators at various 
temperatures of 300 and 77 K and evaluated at 15 
mm depth from the coil surface. Notes: 1) The SRF 
values at 77 K are normalized to the maximum 
value achieved by the 30-mm RT-coil; and 2) The 
cylindrical phantom properties are: εr  = 78, σ = 0.5 
S/m, length = 8 cm, diameter = 3 cm, and the coil-
to-sample distance = 5 mm. 

 

Simulated SNR Gain 

In EM-simulations, only the two major noise sources of Rc and Rs were considered, where 
other noise sources coming from electronic components such as capacitors and soldering 
joint connections have been neglected. This is because, for an RF coil made from Cu, the 
major noise source is due to Johnson noise in the metal (22,33). Theoretically, the 
resistivity of conventional Cu decreases by factor of 8 when it was cooled down to 77 K 
(27). Hence, the SNR should be improved by factor of 2.8 by cryogenic cooling to 77 K if 
the coil noise dominates the sample noise and the wire thickness is much greater than the 
skin depth at RT (10). At 18.68 MHz, the skin depth for Cu at RT is 15.3 μm. Therefore, 2-
mm wire thickness is about 130 times greater than the skin depth. The simulated loaded 
to unloaded Q-factor ratios of the Cu resonator at 300 and 77 K were evaluated as 
198/205 and 521/577, respectively. The nearly similar loaded to unloaded Q-factors of the 
surface resonator at RT demonstrate negligible sample losses as compared to the internal 
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coil losses at 18.68 MHz. From [eqs. 4–6], the coil loss Rc Tc and sample loss RsTs are 11.16 
and 0.41 ΩK, respectively, (i.e., Rc Tc / Rs Ts  = 27). This means that the coil loss is about 
96% of the total losses and cryogenic cooling to 77 K will enhance the SNR gain by factor 
of 2.8. The simulated and measured Q-factors at 300 and 77 K are listed in Table I. 
Equation [2] was used to estimate the simulated and measured SNR gain at 77 K. 
Simulation results show that the unloaded Q-factor at 77 K was improved by factor of 2.8 
compared to the same coil at RT. The predicted SNR gain by cryogenic cooling to 77 K is 
2.8-fold compared to the same coil at RT.  

Measured SNR Gain 

The measured loaded to unloaded Q-factor ratios of the Cu resonator at RT and 77 K were 

evaluated as 220/223 and 435/450, respectively. From [eqs. 4–6], the internal coil loss Rc 

Tc and sample loss RsTs are 9.28 and 0.13 ΩK,  respectively (i.e., RcTc / RsTs = 70). This 

means that the coil loss is about 98 % of the total losses and cryogenic cooling to 77 K will 

enhance the SNR gain by factor of 2.8. The measured results show that the unloaded Q-

factor at 77 K was improved by factor of 2 compared to the same coil at RT. The deviation 

of measured unloaded Q-factor is 9 % at 300 K and 28 % at 77 K. The difference between 

EM-simulations and measurements can be attributed to the following reasons. 1) It could 

be due to variations in temperature or RF coil material conductivity. 2) In the real coil 

prototype, ten-fixed capacitors were used for tuning which could add additional noise to 

the resonator compared to an ideal one capacitor in EM-simulations. However, both 

simulated and measured coils have approximately the same SNR gain as listed in Table I. 

The predicted SNR gain by cryogenic cooling to 77 K is 2.7-fold compared to the same coil 

at RT.  

Table I. Evaluations of both simulated and measured SNR gains for the developed cryogenic coil at 300 
and 77 K based on [eq.2] 
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39K-MR Phantom Measurement 

The performance of the developed cryogenic coil was tested first in phantom filled with 
150 mM KCl homogeneous solution at RT and 77 K before starting the in vivo MR 
measurements. The KCl phantom was fixed below the Cryogel Z insulation layer in such a 
way that the center of the phantom was exactly at the center of the RF coil loop. Fig. 6 
shows the 39K-MR phantom images acquired using the cryogenic coil at 300 and 77 K with 
4 × 4 × 4 mm3 spatial resolution in 30 min acquisition time. The measured SNR ± SD was 
calculated from [eq.7]. The measured SNR ± SD values at RT and 77 K are listed in Table II. 
The SNR is 15.4 ± 2.4 at 300 K and 44.2 ± 3.4 at 77 K.  

 

 

 

 

Figure 6. Phantom MR images. (a) 39K SNR-map at 300 K. (b) 39K SNR-map at 77 K. The FOV of 6.4 × 6.4 × 
3.2 cm3 with nonweighted matrix size of 16 × 16 × 8 results in spatial resolution of 4 × 4 × 4 mm3. The TR of 
20 ms, total number of repetitions of 90,000 led to total acquisition time of 30 min. The above shown 39K-
MR images (a, b) are zero filled by factor 2. 

Table II. Measured SNR ± SD values for both phantom and in vivo experiments at 300 and 77 K based on 
[eq.7] 

 

 

 

 

In Vivo 39K-MR Measurement for Healthy Rat 

As a second MR experiment, the cryogenic coil was tested for the measurement of 39K 
signal in a healthy rat brain. The T2-weighted 1H image, 39K SNR-maps at 300 K, 77 K, and 
the superimposed 1H edge image with 39K image at 77 K were shown in Fig. 7. 39K-MR 
images were acquired with 4 × 4 × 4 mm3 spatial resolution in 30 min acquisition time. The 
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measured SNR ± SD values at RT and 77 K are listed in Table II. The SNR is 5.9 ± 2.7 at 300 
K and 16 ± 2.8 at 77 K. 

Figure 7. In vivo MR images for healthy rat. (a) 39K SNR-map at 300 K. (b) 39K SNR-map at 77 K. (c) T2-
weighted 1H image. (d) Coregistered 1H edge image with 39K image at 77 K, the 39K image is resized to have 
the same resolution of 1H image. The FOV of 6.4 × 6.4 × 3.2 cm3 with nonweighted matrix size of 16 × 16 × 
8 results in spatial resolution of 4 × 4 × 4 mm3. The TR of 20 ms, total number of repetitions of 90,000 led 
to total acquisition time of 30 min. The above shown 39K-MR images (a, b) are zero filled by factor 2. 

In Vivo 39K-MR Measurement for Stroke-Induced Rat  

As a third MR experiment, the cryogenic RF coil was tested for the measurement of 39K 
signal after a focal cerebral ischemic insult in an adult rat. The T2-weighted 1H image, 39K 
SNR-maps at 300 K, 77 K, and the superimposed 1H edge image with 39K image at 77 K 
were shown in Fig. 8. The 39K-MR images were acquired with 4 × 4 × 4 mm3 spatial 
resolution in 60 min acquisition time. The measured SNR ± SD values at RT and 77 K are 
listed in Table II. The SNR is 6.8 ± 2.7 at 300 K and 18.4 ± 2.2 at 77 K.  

In good agreement with EM-simulations and bench top measurement, phantom and in 
vivo 39K-MR images show that cryogenic cooling of single-loop coil of 30 mm in diameter 
by LN2 down to 77 K enhances the SNR gain by factor of 2.7 ± 0.2. It is clear that the 
cryogenic coil at 77 K has a higher SNR gain and deeper penetration depth compared to 
the same coil at RT for all images. These results demonstrate that cryogenic cooling could 
further improve the available signal in future 39K-MR imaging studies of the rat brain at 9.4 
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T. Fig. 8(c) shows the two ROIs corresponding to the occluded and non-occluded 
hemispheres of the rat brain. The measured mean values of the 39K signal in the selected 
ROIs at 77 K are listed in Table III. 48 h after MCAO, the 39K signal in the occluded 

 

 

 

 

 

 

 

 

 

 

Figure 8. In vivo MR images for stroke-induced rat. (a) 39K SNR-map at 300 K. (b) 39K SNR-map at 77 K. (c) 
T2-weighted 1H image. (d) Coregistered 1H edge image with 39K image at 77 K, the 39K image is resized to 
have the same resolution of 1H image. The FOV of 6.4 × 6.4 × 3.2 cm3 with nonweighted matrix size of 16 × 
16 × 8 results in spatial resolution of 4 × 4 × 4 mm3. The TR of 20 ms, total number of repetitions of 
180,000 led to total acquisition time of 60 min. The above shown 39K-MR images (a, b) are zero filled by 
factor 2.   

Table III. Mean of measured in vivo 39K signal for the occluded and non-occluded hemisphere of the rat 
brain  

 

 

 

 

hemisphere was decreased by about 40% at 300 K and 75% at 77 K compared to the non-
occluded hemisphere. This result is in good agreement with invasive measurements (34) 
and previous MR results obtained using RT surface coil (35). Fig. 9 shows a horizontal 
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cross-section plot through the center of the ROIs for 39K images at 77 K for both healthy 
and stroke-induced rats corresponding to Figs. 7(b) and 8(b), respectively. For healthy rat 
MR measurement, a relatively uniform 39K signal with minimal variations across the rat 
brain which prove the symmetric B1-field distribution of the developed single-loop 
cryogenic coil as shown in Fig. 9(a). However, for the stroke-induced rat, there is a 
significant reduction in 39K signal in the occluded hemisphere rat brain as shown in Fig. 
9(b). This significant reduction is mainly due to the reduction in 39K concentration in the 
occluded hemisphere after ischemic stroke. The significant variations in 39K signal after 
ischemic stroke were successfully measured noninvasively, which could help to 
understand the physiological variations after ischemic brain damage (35–38).  

Figure 9. Horizontal cross-section plot through the center of the ROIs for 39K images at 77 K. (a) For 
healthy rat corresponding to Fig. 7(b). (b) For stroke-induced rat corresponding to Fig. 8(b). 

DISCUSSION  

EM-Simulations 

The optimal coil diameter has been carefully optimized at 300 and 77 K by using EM-

simulations to enhance the detector sensitivity for rat brain imaging at 18.68 MHz. This 

method has been found to be reliable, cost effective, and more accurate to predict the Q-

factors and the B1-fields than building a large number of coils. The optimal coil diameter 

and geometry of the surface coil were chosen according to the desired imaging 

penetration depth where optimal SNR was desired (22). Simulation results show that, the 

optimal coil diameter that maximizes the SRF for rat brain imaging at 15 mm depth is 

about 30 mm in diameter at 300 and 77 K. As a result, the optimal coil radius 

approximately equals the required penetration depth to obtain optimal SNR at 300 and 77 

K. A larger coil radius results in excessive noise from outside the desired volume, and a 

smaller radius means lack of signal from the desired volume, both suboptimal coil radii 
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degrading the SNR (39). The predicted sensitivity gain at 77 K has been improved by factor 
of 2.8 compared to the same coil at RT. This is because at 18.68 MHz, with small coil size 
(30 mm in diameter), and with small sample size (rat head), the internal coil noise 
dominates the sample noise. 

Development of Cryogenic Coil 

Aerogel has been used for thermal insulation in the developed cryostat system. This is 
because it has about —two to three times more insulating per unit thickness compared to 
polyurethane foam or Styrofoam. Another important issue which is strongly related to 
thermal insulation is the coil-to-sample distance. Since both cryogenic and HTS coils are 
small surface coils, the coil-to-sample distance has to be minimized to enhance the coil 
sensitivity. With the use of nonreliable insulation material such as Styrofoam, a very big 
coil-to-sample distance of 1 (13, 28), 2.4 (15), and 2.1 cm (18) has been used. In these 
designs, the big coil-to-sample distance significantly degrades the SNR gain from cryogenic 
cooling compared to the same simple RT Cu coil wrapped around the sample with good 
filling factor and small coil-to-sample distance. With the use of better insulation materials 
with vacuum cryostats, the coil-to-sample distance has been minimized to 6 mm (10), 5 
mm (21, 29, 30), 2 mm (14), and recently with 1.5 mm (22). In this paper, a Cryogel Z layer 
has been compressed to about 4.5 mm for thermal insulation in conjunction with a home-
built animal bed with warm water circulation system compatible with the developed 
cryostat. This method has enabled the animal to survive during the whole experimental 
time. The total coil-to-sample distance has been set to 5 mm. 

The filling factor of an RF coil is one of the most important parameters which have a 
significant effect on the SNR. It should be increased if the coil size is geometrically 
matching the sample size with minimized coil-to-sample distance. In addition, by bending 
the conventional Cu surface coil around the sample, the filling factor should be increased. 
The developed 30 mm in diameter cryogenic Cu surface coil has been optimized for rat 
brain imaging with a flat animal head holder without bending the coil wire around the rat 
head. This is mainly due to the difficulty to build such a complex cryostat with bended 
sections for animal head. This resulted in a reduced filling factor, which is the main 
disadvantage of our developed cryogenic coil. According to author’s knowledge, only 
Bruker has the commercial 1H and 13C CryoProbes at 9.4 T cooled down by helium gas for 
mice head MR imaging with bended RF coil structure. 

The numbers of tuning and matching capacitors have some effect on the equivalent Q-
factor of the resonator. As they add additional noise to the RF coil system. To tune the 
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developed cryogenic coil at 18.68 MHz, ten-fixed nonmagnetic (high voltage, high Q-
factors) capacitors have been used. There are two main reasons of designing such a 
symmetric capacitor splitting circuit for tuning. 1) To provide an optimal balanced ground 
for the induced voltage, whereby the connection point between those two capacitors acts 
as an optimal ground of the resonance circuit. 2) The developed cryogenic coil has been 
used for both transmit and receiving RF pulses (i.e., in TXRX mode). This means that, the 
high power in the TX mode may damage the capacitors. However, the main advantage of 
capacitor splitting circuit is that, the current will be divided across the capacitors which 
could prevent them from damage due to high voltage and current. The maximum 
transmitted RF power has been calibrated to prevent the cryogenic coil from damage. The 
measured unloaded Q-factor from the developed cryogenic coil has been improved at 77 K 
by factor of 2 compared to its value at 300 K. In the coil noise predominance domain (at 
18.68 MHz for rat brain imaging), the maximum floor of SNR gain by factor of 2.8 has been 
achieved. Our results are consistent with the published previously at 64 MHz with an SNR 
gain by factor of 2.7 (10).  

Future Work 

Future work could to be continued to improve the SNR for 39K-MRI at 9.4 T as follows: 1) 
the coil-to-sample distance could be decreased from 5 mm to about 2 mm by using 
vacuum for thermal insulation. 2) Due to the flat design of the developed animal head 
housing, the filling factor is low compared to bended designs. This modification could help 
to use a smaller coil size with diameter of 20–25 mm and also increase the filling factor 
which will lead to a significant improvement in the SNR. 3) It is expected that by using a 
small HTS YBCO thin-film surface coil for 39K-MRI at 9.4 T in conjunction with vacuum 
cryostat with 2 mm coil-to-sample distance, the SNR will be improved by factor of 4 
compared to Cu coil with the same identical geometry at RT (9, 14, 21, 29, 30). 4) Based on 
our EM-simulation results, it is expected that cryogenic cooling of a single-loop RF surface 
resonator of about 10–12 mm in diameter to 4 K by LHe could improve the detector 
sensitivity by factor of about 6 (25). This result indicates that, the 39K-MRI signal in 
cerebral tissue of the rat could be spatially resolved with a voxel size of 2 × 2 × 2 mm3 in 
only 10 min acquisition time. Recently, the first in vivo 39K-MR images at 9.4 T for human 
brain were presented by using a TXRX birdcage volume resonator (40). An SNR of 5.2 was 
achieved in 40 min for an isotropic spatial resolution of 10 × 10 × 10 mm3  in a  human 
brain by using a flexible twisted projection imaging acquisition. Furthermore, in vivo 39K-
MR images of human muscle and brain at 7 T were presented (41). The development of 
39K cryogenic coils for clinical human brain imaging could be possible in the next few years 
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due to the rapid progress in HTS technology, high field magnet technology, and fast 3-D 
imaging sequences. 5) An efficient way to quantify the 39K concentration is by using a dual 
transmit only receive only RF system (42). A separate 39K-RF coil could be used for 
transmission to provide a homogeneous B1-field such as linear birdcage coil or Helmholtz 
coil to avoid the nonuniform MR excitation from a surface coil. In such a setup, the 
developed 39K cryogenic coil could be used for reception only. 6) Building 23Na and 39K 
cryogenic coils for rat brain imaging at 9.4 T could help in understanding both 23Na and 39K 
ion changes to determine the progression of ischemic damage. However, most of these 
modifications will add more restrictions to the RF coil design in terms of space limitations 
and the cryogenic cooling system.  

CONCLUSION 

A novel cryogenic Cu RF surface resonator with a home-built LN2 nonmagnetic G10 
fiberglass cryostat housing for small animal scanner at 9.4 T has been designed, built, and 
tested. The first in vivo 39K-MR images for both healthy and stroke-induced rats using the 
developed cryogenic coil cooled down by LN2 to 77 K have been presented. In good 
agreement between both EM-simulations and MR measurements, the SNR gain has been 
improved by factor of 2.7 ± 0.2 compared to the same coil at RT.  In addition, results show 
that the 39K signal in the occluded hemisphere of the rat brain has been decreased by 
about 40% at 300 K and 75% at 77 K compared to the nonoccluded hemisphere at 9.4 T. 
The significant reduction in 39K signal after stroke could be considered as a relevant 
marker for dead tissue. 
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