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Abstract

Background: /n ovo MR presents a promising and viable alternative to tradi-
tional in vivo small animal experiments. Sodium MRI complements proton MRI
by providing potential access to tissue cellular metabolism. Despite its abun-
dance, sodium MRI is challenged by lower MR sensitivity and faster relaxation
times compared to proton MRI. Ensuring a high signal-to-noise ratio and effec-
tive By shimming is essential. Double-tuned coils combining 23Na and 'H are
frequently employed to achieve structural imaging and efficient shim adjustment.
Purpose: This study introduces a novel, highly optimized, double-tuned coil
design, specifically for MR scans of chick embryos.

Methods: A tapered-spiral, double-tuned coil was designed and constructed
following careful consideration of design parameters. The performance of the
coil was rigorously assessed through bench tests, and final validation was
conducted on a 7 T MRI scanner using a chick embryo.

Results: Bench tests demonstrated that the return losses for both "H and
23Na coils were better than — 30 dB, and isolation factors were better than
— 21 dB, indicating that the double-tuned coil was well-set, with negligible cou-
pling between channels. MR images of chick embryos, obtained using the coil,
validated the feasibility of utilizing the design concept for in ovo applications.
Conclusions: The innovative design of the proposed double-tuned coil, char-
acterized by its unique arrangement, offers improved performance. This design
has the potential to significantly enhance the quality of in ovo "H and ?>Na
measurements.
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23Na is the second most abundant MR-sensitive ele-
ment in living organisms, and despite the signal-to-noise

Non-proton MRI studies are currently of great inter-
est due to their ability to provide valuable cellular and
metabolic information."2 Sodium (23Na) MRI, for exam-
ple,complements proton MRI by offering insights into the
critical sodium-potassium exchange across cell mem-
branes and the characteristics of cell metabolism.?
Tissue sodium concentration can reveal substantial
information regarding various pathologies*~’ Although

ratio (SNR) enhancements afforded by ultra-high field
MRI systems and advanced MR technologies, 2>Na MRI
remains challenging. This is due to sodium’s inherently
lower MR sensitivity and much faster relaxation times
compared to protons® Therefore, maintaining a high
SNR for the sodium signal is crucial. Additionally, static
magnetic field (By) shimming with the low 23Na sig-
nal is problematic. Consequently, the simultaneous or
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subsequent acquisition of proton imaging is advanta-
geous. In this context, double-tuned coils, comprising
both a 23Na coil and a 'H coil, are frequently employed.’
This arrangement provides high-resolution anatomical
images and enables effective By shimming capability.

The utilization of double-tuned coils mitigates the
issue of sample re-positioning encountered with sepa-
rate RF coils in sequential acquisition scans. However,
it can also result in several degrees of signal or
functionality loss in the X-nuclei coil, dependent on
the double-tuned coil design. Conventionally, double-
tuned birdcage coils have been the preferred coil
design and have been adapted in various configura-
tions for different applications. These include alternating
rungs,'? transformer-coupled,'! spiral/twisted,'?'® and
four-ring’* arrangements, as well as designs incorpo-
rating traps’®' or PIN-diodes.!” A critical challenge for
these designs is addressing the coupling between coils
resonating at two or more distinct frequencies. Minimiz-
ing this coupling is a crucial factor in determining the
quality of a double-tuned coil.

The traditional birdcage coil designs, such as alter-
nating rungs, traps, and PIN-diodes, introduce lossy
components that degrade image quality, particularly
on the X-nuclear channel.'>~'8 In contrast, spiral and
four-ring birdcage coil designs do not include these com-
ponents, but they necessitate structural modifications to
the coil, which may degrade its quality and adaptability.
For instance, the four-ring design requires an optimized
inner and outer rung length ratio, which generally results
in a substantial increase in overall coil length. This addi-
tional length requirement for the outer end-rings limits
the accessible space, which can be problematic.'® Sev-
eral innovative approaches?°-26 have been explored to
maintain the quality of the non-proton coil, ensuring
that it remains comparable to its single-tuned equiva-
lent while also maintaining the quality of the images
delivered by the proton coil.

This current work introduces a novel, highly optimized,
double-tuned coil design specifically dedicated to MR
scans of chick embryos. The use of chick embryos as
an alternative to traditional animal models has garnered
increasing attention. Chick embryos offer simplicity in
screening and preparation protocols, coupled with sev-
eral distinct advantages, such as convenient access to
their chorioallantoic membranes (CAMs) shared phy-
logenetic traits with mammals, rapid growth rates, and
cost-effectiveness?’?® The primary evaluation metrics
of the coil performance were rigorously assessed on the
bench, and final validation was performed ona 7 T MRI
scanner using a chick embryo.

2 | MATERIALS AND METHODS

Given the aforementioned factors, the following criteria
were considered when designing the double-tuned coil
for TH/23Na in ovo applications: (1) optimize the 23Na

performance to match the quality of the coil as high
as its single-tuned coil, and ideally surpassing the stan-
dard birdcage coil, while minimizing coupling between
"H and 23Na without introducing any lossy components;
(2) ensure that the structure of both the 'H and ?Na
coils provides identical field-of-view (FOV) coverage;
and (3) maintain high-quality "H imaging.

Figure 1 presents our proposed design, showing both
a photograph of the assembled coil and circuit dia-
grams of the individual "H and 23Na coils. As the chick
embryo moves randomly within the eggshell?® a bird-
cage coil design that covers the entire embryo volume
was selected to mitigate the uncertainty of the posi-
tion of the embryo’s head. In terms of the 23Na coil
design, we incorporated a tapered structure (towards
the end-rings) into a standard birdcage coil, enhanc-
ing efficiency throughout the egg and improving the
SNR, particularly near the end-rings,?® while achieving
extended coverage. Moreover, this design has the poten-
tial to decrease coupling near the end-rings between
the "H and 2Na coils, likely due to the increased sep-
aration distance. For integrating the "H coil with the
23Na coil, we initially employed a geometrically isolated
design approach, that is, with the rungs of the H coil
rotated by 22.5%%31 in the axial domain relative to the
rungs of the 23Na coil. However, the coupling between
the '"H and 23Na frequencies was still too substan-
tial, considerably degrading the 'H image quality and
resulting in artefacts. Therefore, a spiral winding pattern
was implemented for the 'H coil,'? "3 with an angle of
approximately 50° from the end-rings. This spiral design
further benefits in the SNR and coverage towards the
end-rings along the z-axis.'%3?

After careful consideration of the design parame-
ters, we designed and constructed a tapered-spiral,
double-tuned coil. The "H coil, tuned to 297.2 MHz cor-
responding to our 7 T system, operates in a high-pass
configuration, and the 23Na coil, tuned to 78.6 MHz,
functions with a low-pass configuration. Both coils were
driven in quadrature mode to enhance performance.
The coil formers were meticulously designed using 3D
CAD software (Inventor, Autodesk, California, USA) and
manufactured on an in-house 3D printer (Fortus 400mc,
Stratasys, Minnesota, USA) using the biocompatible
polycarbonate material. This approach enabled us to
incorporate curved features while also precisely repli-
cating thin yet robust coil cases, which are essential for
maintaining coil sensitivity by minimizing sensitivity loss
due to filling factor discrepancies. Our modified birdcage
coil maintains the same dimensions (70 mm in length,
50 mm in diameter) as previously employed but inte-
grates the aforementioned curved feature for enhanced
performance. Copper tapes were utilized as conductors
for both the 23Na coil (6 mm width) and the "H coil end-
ring patterns (4 mm width), while 1 mm silver-coated
copper wire was chosen for the "H coil rungs due to its
flexibility and ease of handling, ensuring a set distance
from the 23Na coil.
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1H birdcage coil
70 mm

Coil diameter: 50 mm
End-ring diameter: 50 mm
C1: 5.6 pF

C2: 6.8 pF

C3: Trimmer (1 ~ 10 pF)
C4: 1000 pF

C5: 11 pF

23Na birdcage coil
70 mm

Coil diameter: 50 mm

End-ring diameter: 28 mm

C1: 51 pF

C2: 47 pF + Trimmer (1 ~ 10 pF)
C3: 5.6 pF + Trimmer (1~ 10 pF)
C4: 11 pF

FIGURE 1 A photograph of the complete coil and circuit
diagrams of the "H and 23Na coils featuring detailed dimensions and
component values.
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The tuning of the "H / 23Na coil was achieved using
5.6 pF/51 pF non-magnetic fixed capacitors (100B,
Delicap, China), respectively, with each point on the
matching network (A, A’, B and B’) directly connected
to corresponding points (A, A, B and B’) on the
coils. Fine adjustments to their frequencies, decoupling
between channels, and the attainment of a 50Q match-
ing condition were facilitated via non-magnetic trimmers
(1-10 pF). Having loaded the chick embryo, the return
losses (S¢11 and Sy,) and the isolation (S,¢) of these
coils were comprehensively measured using a vector
network analyzer (ZNB4, Rohde & Schwarz, Germany)
on the bench. Coaxial-cable-wound cable traps tuned
to each nucleus were built and integrated into each
channel of the double-tuned coils.

One pathogen-free fertilized chick embryo (Valo Bio-
Media GmbH, Germany) suitable for medical purposes
was selected for in ovo measurements on embryo devel-
opmental day 13. The egg was subsequently incubated
at a temperature of 37.8°C with a humidity level of
54% in a benchtop incubator (HEKA Favorit-Olymp 192,
Germany). In order to mitigate image degradation due
to excessive movement of the embryo during the MR
measurements, the chick embryo was anesthetized by
pipetting a calculated amount of liquid isoflurane onto a
piece of tissue paper to reach 2% isoflurane within the
coil former.

The MR measurement was conducted on a 7 T
Terra MRI scanner (Siemens Healthineers, Erlangen,
Germany) with specific parameters: for 'H imaging
(sequence = Ty-weighted Turbo Spin Echo, resolu-
tion = 0.35 x 0.35 mm?, FOV = 78 x 78 mm?, matrix
size = 224 x 224, slice thickness = 0.7 mm, repeti-
tion time (TR) = 5120 ms, echo time (TE) = 50 ms,
averages = 8, acquisition time (TA) = 7:25 min) and
for 22Na imaging (sequence = 3D FLASH, resolu-
tion = 1 x 1 x 1 mm3, FOV = 180 x 180 mm?, matrix
size = 180 x 180, TR = 20 ms, TE = 4.2 ms, aver-
ages = 32, TA = 15:49 min, pixel bandwidth = 120 Hz).
Co-registration of the "H and 23Na images was facili-
tated using ITK-SNAP software.3?

3 | RESULTS

The bench test results of the coils’ responses are pre-
sented in Table 1. The scattering (S)-parameters, the
S¢4 and Ss; for 'H and the Sy, and S,4 for 23Na coils
were better than — 30 dB. Additionally, the S31 and S, of
both coils were better than — 21 dB. This indicates that
both coils were well-tuned and -matched, with negligi-
ble coupling between channels in the individual 'H and
23Na coils. Furthermore, the coupling values between
the "H and 23Na coils (S,¢, Su3, S4q and S,3) at the
'H and 22Na frequencies were better than — 18 dB
and — 24 dB, respectively, further demonstrating out-
standing isolation between the quadrature channels of
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TABLE 1 Scattering (S)-parameters (reflection loss, isolation
between two channels) of the proposed double-tuned 'H/23Na coil.

S-parameters TH FREQUENCY 23Na frequency
Sy N/A ~37.2dB
Sy -31.2dB N/A

Sa3 N/A _54.2dB
Su ~375dB N/A

S N/A ~215dB
Sus ~21.1dB N/A

Sy ~185dB _258dB
Sos ~20.3dB _37.20B
Sus ~23.9dB ~34.0dB
Sus ~19.6 dB _24.4dB

Note: Syy, Sa3: °Na reflection loss, Sy, S44: 'H reflection loss, Sz4: isolation
between channels of 22Na coil, S,,: isolation between channels of 'H coil, S,
Sy3, Sa1,and Sy3:isolation amongst channels of both "H and 2*Na coils.

each coil and minimal coupling between the different
nuclei.

Figure 2 shows different coronal slices of 'H, 2°Na,
and 23Na images overlaid on 'H chick embryo MR
images, validating the feasibility of using the proposed
double-tuned coil for real in ovo applications. Despite the
chick embryo being only at its developmental day 13,
various anatomical structures and body parts are dis-
cernible in Figure 2 using both "H and 23Na MRI. These
include a clear outline of the embryo; the eyes indicated
by red arrows; the brain highlighted with yellow arrows;
the spine pointed out using orange arrows; the allantoic
cavity specified by white arrows, with the CAM facing
towards the eggshell; and the yolk marked by green
arrows. In the sodium images, high sodium levels are evi-
dent in the allantoic sac adjacent to the embryo, which
functions as an excretory organ. Both the allantoic cav-
ity and the CAM facing the eggshell exhibit high sodium
signals due to the active transport of sodium and chlo-
ride during embryonic development343> Furthermore,
the eyes of the chick embryo show elevated sodium
concentrations, making them distinguishable in the 23Na
MR images.

4 | DISCUSSION

The design concept of the proposed double-tuned caoil
for in ovo 'H and ?Na MR was successfully demon-
strated both on the bench and on a 7 T MRI scanner.
During the design stage, our primary focus was to
improve the quality of the 23Na coil to match its single-
tuned counterpart, before integrating several possible
"H coil designs into the 22Na coil.

Our initial attempt at designing the double-tuned coil
was to use an alternating 'H and 23Na coil arrange-
ment with a 22.5° rotated straight traditional 'H birdcage
combined with a recently introduced tapered 23Na coil.

Allantoic
cavity a

v

&p

“\
Y Yolk

4

FIGURE 2 'H,2Na, and "H/23Na overlaid MR images of
13-day-old chick embryo shown at different coronal slices.
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Previous studies®?3! indicated this approach, but rotat-
ing the coil by 22.5° in the axial plane did not work for our
setup and we encountered interference issues. Despite
taking measures to prevent interference by separating
the end-rings of both coils using the tapered design, we
were not able to circumvent the problem. While bench
tests showed no coupling issues between the channels
of the "H and 23Na coils, when carrying out imaging
experiments, the proton images were marred by art-
facts and the quality was significantly degraded due to
interaction with the 2>Na coil.

Incorporating ordinary 'H-blocking traps on the 2*Na
coil improved the quality of the proton MR images and
matched well to those of single-tuned 'H images. How-
ever, the insertion of lossy traps in each rung of the
23Na coil unfortunately degraded its quality. As shown
in Figure 2, a spiral arrangement minimized interference
from the 22Na coil, resulting in improved 'H images with-
out artfacts. The SNR of our 23Na coil remained identical
to the single-tuned coil, especially since we avoided the
inclusion of lossy components.

To ensure the highest quality of the 22Na coil, we
opted against a spiral design for the 2°Na coil. This
decision was made to avoid the increased conductor
length of the coil rungs leading to losses. According to
Tomanek et al.,'® the losses (~35% and ~5% B effi-
ciency losses in a human-sized coil at 81 MHz, similar
to our 23Na frequency and at 200 MHz, respectively)
become more pronounced at lower frequencies, and the
effect of spiring it at the 'H frequency was acceptable.
Moreover, animal- or egg-sized coils might not be sig-
nificantly affected by the extended rung lengths due to
their relatively smaller compared to human coils. How-
ever, if interference levels become severe, for example,
when imaging different objects, a spiral design with a 90°
rotation between 'H and 22Na may be an option to help
decrease the coupling even further. Furthermore, spiral
coil designs could offer extended performance in the z-
direction,'?32 which may be beneficial since the 'H coil
was not tapered.??

Conducting further optimization, in terms of the end-
ring bend shape, spiral angle, coil pattern thickness, or
width, may also be useful in improving SNR and/or RF
field homogeneity. Moreover, bending the 'H coil towards
the end-rings, similar to the tapered 23Na coil, was not
pursued due to potential coupling concerns. Other com-
binations of birdcage coil, for example, high-pass 'H
and high-pass 23Na or low-pass 'H and high-pass 2°Na
were not evaluated.®" This may leave room for potential
improvements, particularly for the 23Na coil.

While our studies were conducted on a clinical scan-
ner, performing these experiments on a small animal
scanner®%-3” would be more suitable due to the higher
gradient strengths and better resolution capabilities.
Improving 2>Na image resolution on clinical scanners is
limited by a lower gradient strength compared to animal
scanners.

MEDICAL PHYSICS 7%

Furthermore, this proposed double-tuning technique
is not limited to 2>Na, and the versatility of our design
means it can be adapted for use with other nuclei, such
as 2H, 13C, or 3'P. This flexibility opens up new avenues
for research into energy metabolism, glucose utilization,
and other critical biochemical pathways for experimen-
tal embryology and teratology. Our coil is not intended
for mass production, but rather for use in specific stud-
ies focusing on the investigation of, for example, tumor
biology or in longitudinal studies.

The use of 2Na MRI provides key physiological and
biochemical insights by detecting changes in cellular
processes. The improved quality of a double-tuned coil
enables precise quantitative analysis and dynamic mon-
itoring of sodium concentrations. Furthermore, auxiliary
scans, such as magnetic field mapping and shimming,
can be performed using the standard but more sensitive
TH channel without changing the coil. This is particularly
important for many advanced 23Na imaging methods,
for example, single- and triple-quantum-filtered *83° as
they require high demands on magnetic field homo-
geneity and significantly benefit from precise shimming.
This may also enable the imaging of restricted and
non-restricted 22Na concentrations in tissues,2° poten-
tially in conjunction with PET*#" resulting in a versatile
imaging apparatus capable of retrieving metabolic,
anatomical, and functional imaging information, lever-
aging the synergistic benefits of three distinct imaging
modalities.*?

5 | CONCLUSIONS

In ovo MR measurements represent a promising
approach and an ethical alternative to traditional in
vivo preclinical MR experiments using small animals.
By utilizing chick embryos, researchers can carry
out ethical and expedited examinations using various
methodologies while avoiding the complexities and eth-
ical concerns associated with small animal studies.
The innovative design of our proposed double-tuned
coil, distinguished by its unique arrangement, provides
improved performance. Therefore, it has the potential
to significantly enhance the quality of in ovo 'H and
23Na MRI hybrid measurements. This improved imag-
ing capability may also be crucial for advancing our
understanding of developmental biology and for the
preclinical testing of new drugs and therapies. In the
future, we intend to investigate a wide range of biologi-
cal and pathological processes using this double-tuned
coil, including studying tumor growth, angiogenesis, and
response to treatment in the chick embryo model.
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