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ABSTRACT Clinical magnetic resonance imaging (MRI) of the pituitary gland sometimes fails to detect
small pituitary tumors due to limited signal-to-noise ratio (SNR) and spatial resolution. Thus, neurosurgeons
may need to resort to surgical exploration and systematic slicing of the pituitary gland to identify the small
pituitary tumors. In this work, we designed a single-loop miniature flexible coil that can be surgically
positioned millimeters from the pituitary gland, enabling high-SNR pituitary MRI. We investigated the
spatial distributions of the image SNR of the miniature coil, via both numerical simulation and phantom
experiments. We also explored the feasibility of increased SNRwithin the pituitary gland based on simulated
surgical placements. Compared to the commercial head coil, our miniature coil achieved up to a 19-fold
SNR improvement within the region of interest, and the simulation and phantom experiment reached a
good agreement, with an error of 1.1% ± 0.8%. High resolution MRI scans further demonstrated the visual
improvement of the miniature coil against the commercial head coil. The cross-validation of the simulation
and the phantom experiment showed the potential of using the numerical simulation model to accelerate the
coil design prototyping and iteration and to optimize coil design in the future.

INDEX TERMS Flexible RF-coil, miniature, coil simulation, pituitarymicroadenomas, signal-to-noise ratio,
high-resolution, endoscopic endonasal surgery.

I. INTRODUCTION
There is a strong clinical need to improve the resolution
of magnetic resonance imaging (MRI) for the detection of
small pathological lesions. A salient example is Cushing’s
disease (CD): a potentially fatal disorder caused by an adreno-
corticotropin hormone (ACTH)-producing pituitary tumor.
While the median size of pituitary tumors (microadenomas)
causing CD is 5 mm [1], a significant percentage is less than
3 mm in size [2]. Currently, 3T MRI is unable to detect up
to 50% of microadenomas in CD [3]–[6]. This failure of
diagnostic imaging thwarts the primary and optimal treatment
of CD: surgical excision of the offending tumor. In such
cases without an imaging-identifiable tumor, neurosurgeons
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must consider surgically ‘‘exploring’’ the anterior pituitary
gland by making multiple parallel incisions typically spaced
2-3 mm apart with the hope of fortuitously encountering the
tumor. In addition to the real possibility of not finding a
tumor, this technique adds the risk of permanently damaging
the normal gland.

Standard 3T pituitary MRI protocols generate multi-slice
2-dimensional (2D) images with a typical in-plane resolution
of 0.7 × 0.7 mm2 and a through-plane slice thickness of
3 mm [7]. When considering various shapes of the pituitary
gland, partial volume averaging, and motion-related degrada-
tion [8], it is not surprising that MR images with an in-plane
pixel size of 0.7 mm commonly fail to detect lesions smaller
than 3 mm.

One of the common factors limitingMRI spatial resolution
is signal-to-noise ratio (SNR). Two approaches for increased
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SNR are to use higher strengths (e.g., 7T MRI scanner [9],
[10]) and to design application-specific radiofrequency (RF)
coil arrays. These two are generally additive when combined
with each other. Advancements have been made with flexible
RF coil arrays. Conforming the coil elements to the patient’s
surface anatomy achieves higher SNR in directly adjacent
regions, which unfortunately is of limited value for pituitary
imaging given that the pituitary gland is located centrally
within the cranium. Another approach to improve SNR is to
place a separate receive-only RF coil in close proximity to the
imaging target [11]. One example in clinical use, the endorec-
tal coil designed for prostate imaging [12], has had limited
use due to patient discomfort related to the relatively large
diameter of the endorectal component. Chittiboina et al. [13]
adopted the endorectal prostate coil for pituitary imaging.
The study demonstrated a potential 10-fold increase in SNR
by positioning the coil apparatus within the sphenoid sinus
via a sublabial approach in a cadaver [13]. However, the
design included a potential concern that the coil is needed to
be positioned blindly, given the complete obstruction of the
surgical corridor by the probe.

In this study, we report our initial evaluation of this novel
coil design using a custom-built phantomwhich allowed us to
precisely measure SNR. We designed a single loop miniature
flexible coil that could easily be placed via one nostril and
optimally situated within the sphenoid sinus under direct
endoscopic visualization (Fig. 1). Our coil design shares the
same clinical implementation limitation as to the previous
study [13], in that it must be used as part of an elective
surgical operation with the aim of removal of the tumor. The
ideal orientation of the coil is parallel to the orientation of
the main magnetic field, B0. As the surgical positioning for
endoscopic surgery is supine, our investigations of sphenoid
sinus anatomy revealed that this coil orientation may not be
anatomically possible in some cases. We therefore designed
the phantom to allow us to study the effect of coil angulation
relative to the B0 field [14], [15]. The specific aims of our
study are to 1) investigate spatial distributions of the image
SNR for various coil rotation angles (θ) using a numerical
simulation model and phantom experiments, and 2) test the
feasibility of increased SNR within the pituitary gland based
on simulated surgical placement results. The miniature coil
was tested with high-resolution imaging to confirm its visual
improvement against the commercial head coil. The coil
design was iteratively developed by utilizing numerical elec-
tromagnetic simulations, and this cross-validation approach
will be useful in further optimizing the coil in the future,
including the potential select an optimal coil from a prede-
termined range of coil shapes and sizes.

II. MATERIALS AND METHODS
A. DESIGN OPTIMIZATION RELATED TO SURGICAL
PLACEMENT RESTRICTIONS AND SPHENOID SINUS
DIMENSIONS
From a coil design perspective, the coil diameter should
not only be large enough to provide sufficient coverage for

pituitary MRI but must also fit within the physical spatial
constraint of the sphenoid sinus. Specifically, the diameter of
the coil needs to be large enough - larger than the pituitary -
such that the pituitary is in the region of high sensitivity. The
diameter also needs to be large enough to achieve sensitivity
at a depth of the farthest point of the pituitary because the
optimal coil diameter is proportional to the imaging depth
of interest: Roptimal =

dmax√
5
, where dmax is the maximum

distance of interest from the coil [16]. Endonasal place-
ment requires that the coil be able to bend slightly beyond
a U-shape in order to pass by the nostril. In 20 consecu-
tive endoscopic pituitary surgeries, various sizes of sterile
cotton patties (‘‘cottonoids’’) were subjectively assessed by
author MB. The experience revealed that a coil diameter up
to 2.5-cm could easily be inserted without hyperangulation
(kinking). Once past the nostril, further advancement into the
sphenoid sinus was easy and safe.

FIGURE 1. Coil design and its surgical placement. The miniature coil is
built on a flexible printed circuit board and connected to the tune and
match box, which allows fine-tuning and matching of the coil remotely.
The local pituitary coil is placed against the pituitary gland, and the coil
rotation angle is defined as the angle between the coil plane and the
scanner bed.

B. COIL AND INTERFACE DESIGN
The coil (Fig. 1) consisted of a 20 mm inner diameter loop
made from a single continuous copper trace (3 mm in width
and 17.8 µm in thickness) on a flexible printed circuit board
(PCB). A coaxial cable (Siemens Healthineers, Forchheim,
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FIGURE 2. Schematic diagram of the miniature coil. The blue cylinders
represent the region of interest (ROI) at various distances d from the coil.
B0 is in the +z axis. A: The coil resides in the x-z plane at θ = 0◦. B: The
coil is rotated around the x-axis at an angle, θ , where: 0◦ < θ ≤ 90◦.

Germany: 50�, 1.13 mm diameter, 0.22 mm inner conductor
diameter, 20 cm length) connected the coil to a custom 3D
printed circuit box located outside the body. This box housed
the electrical pre-amplifier circuit, with adjustable compo-
nents needed for tune and match. All of the electronics can be
kept outside the body with only the coil loop and cable need-
ing to be inserted endonasally. The coil assembly was tuned
to a resonance frequency of 123.2 MHz (for 3T imaging) and
impedance matched by adjusting the electrical components
contained in the box [17]. The circuit was also designed to
actively decouple the loop, without lumped element capaci-
tors, during the transmit portion of the pulse sequence. The
active detuning was accomplished by putting an inductor in
parallel with the net capacitance of the coax cable during the
transmit portion of the pulse sequence, detuning the inductive
coil loop. Due to proprietary Siemens hardware, a custom
built-in docking port was designed specifically for our assem-
bly by author RH via an MCX connector.

C. COIL PERFORMANCE SIMULATION
Modeling of the MRI RF coils is an important step in coil
design and development. A 3D coil model was developed in
COMSOL R© (COMSOLAB, Stockholm, Sweden) to study
the magnetic field distributions of the coil. A circular loop
coil with a 20 mm inner diameter and a trace width of 3 mm
was set up in the frequency domain. The coil was assigned as
Perfect Electric Conductor surface and the current flowing in
the coil was set to 1 A. The sample properties in the simu-
lation were set up according to the material properties of the
agar-carrageenan gel [18]. For this finite element simulation,
a maximum element size of 0.5 mm was used on the region
of interest (ROI), and the simulated fields from the coil, B1

fields, at each vertex were imported into MATLAB (The
MathWorks, Inc., Natick, Massachusetts, United States) for
post-processing.

The simulated amplitude of the effective transverse field
B1xy effective at the resonance frequency within the ROI was
evaluated and then compared with the MRI scan results. The
magnetic field components were simulatedwith the coil plane
parallel to the B0 field (θ = 0◦) (Fig. 2a), and then the
amplitude of the effective transverse field at a certain rotation

FIGURE 3. Experimental setup, including the igloo cavity, resolution plate,
and agar phantom. An igloo cavity holds the coil and is sealed to hold
only air, mimicking the sinus cavity. A resolution plate is placed directly
on the outside of the igloo cavity to measure the SNR at the location
where the pituitary gland would be. Outside of the igloo is surrounded by
agar gel to act as a phantom a: CAD model of the igloo cavity. The coil
was placed inside the cavity. b: The 3D-printed igloo cavity. The cavity was
waterproofed with the Plasti Dip (Plasti Dip Int., Minneapolis, MN, USA).
A U.S. quarter is shown for reference. c: The resolution plate with hole
diameters 1 mm, 1.6 mm, 2 mm, 2.4 mm, 2.8 mm, and 12.7 mm. The
smaller holes were used for visual demonstration and the 12.7 mm hole
was used for SNR calculation. d: CAD model of the phantom set up. The
cavity was fixed inside a plastic jar and then placed on two 3D-printed
supporters, allowing the jar to be set to the desired coil angle. e:
Assembled phantom set up. The resolution plate was taped tightly under
the cavity and then the cavity was fixed in a plastic jar. f: The plastic jar
was filled with agar gel, and the coil was placed inside the cavity.

angle θ (0◦ < θ ≤ 90◦) with respect to B0 (Fig. 2b) was
derived as:

B1y effective = B1y · cosθ − B1z · sinθ (1)

B1xy effective =
√
B1xB∗1x + B1y effectiveB

∗

1y effective (2)

where B1x , B1y, and B1z are the magnetic field components
for our RF receiving coil in x, y, z directions at θ = 0◦. B1x ,
B1y, and B1z remain constant during the rotation.

D. PHANTOM DESIGN AND CONSTRUCTION
A 3D-printed phantom was designed and manufactured to
roughly mimic the sphenoid sinus dimensions as an igloo-
shaped configuration (Fig. 3a and 3b). A surrounding cylin-
drical jar (Fig. 3d) allowed for easy rotation of the assembly,
effectively tilting the coil rotation angle relative to the B0
field.

To assess imaging resolution, the five holes, ranging from
1mm to 2.8 mm in diameter, were drilled into an acrylic plate
(2.5 cm thick and 7.5 cmwide), which was attached under the
igloo cavity (Fig. 3c). In addition, a center hole of 12.7 mm
in diameter was drilled to provide sufficient volume for SNR
measurements. The cavity and the resolution plate were then
fixed inside a transparent cylindrical plastic jar, parallel to the
jar wall (Fig. 3d and 3e). The plastic jar was chosen to have
a similar size as a human head, 13 cm in diameter and 12 cm
in height. The plastic jar was rested on a pair of 3D-printed
supporters, so the jar was able to be rotated and set at the
desired scan angle. The plastic jar, including the holes in the
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FIGURE 4. The tune and match process and the MRI scan experiment set
up. a) A portable vector network analyzer (DG8SAQ VNWA 3, SDR-Kits,
United Kingdom) was used for tune and match analysis after placing the
coil inside the agar phantom. b) The tune and match box was connected
to the pre-amplifier, and MRI scans were performed on the phantom.

resolution plate, was filled with agar gel, which consists of
distilled water, 1% agar powder, 2% Kappa carrageenan, and
22 µmol/kg of gadolinium contrast (Fig. 3f) [19]. A portable
vector network analyzer (VNA) was used to tune and match
the coil after placing the coil inside the igloo cavity of the
phantom (Fig. 4a).

E. MRI STUDIES USING THE PHANTOM
The tune and match of the miniature coil was performed by
measuring the frequency response using the portable VNA
for loaded and unloaded cases. Loaded S11 is measured with
the phantom placed under the coil while unloaded S11 is
measured with no phantom presented. For both loaded and
unloaded cases, the miniature coil was tuned and matched to
the resonance frequency of 123.2 MHz.

The T1/T2 value of the agar phantom was measured to
be 1250/64 ms, with T1/T2 map sequences [20]. Standard
resolution proton density Turbo Spin Echo (SD PD-TSE)
sequences (Table 1) were used to compare our miniature coil
with the commercial Siemens 20-channel HeadNeck coil,
both quantitatively and qualitatively. Here we chose proton
density because it is a direct measure of the maximum signal.
The 2D SD PD-TSE sequence was scanned at 10 different
coil rotation angles, ranging from 0 ◦ to 90◦.
Given the expected higher SNR, we scanned the miniature

coil with a 2D high-resolution proton density Turbo Spin
Echo (HD PD-TSE) sequence (Table 1) at 0◦ and 60◦ coil
angles. Images were reconstructed from the frequency data
directly via inverse Fast Fourier Transform (iFFT). The HD
PD-TSE scan was also performed on the commercial head
coil using the same scan sequence. The commercial head coil
images were sum-of-square combined after coil reduction.

F. SNR COMPUTATION
For each angle, SNR measurements for the single-channel
custom coil were calculated from two repeated standard-
resolution 2D PD-TSE scans. The region of interest (ROI)
was divided into five cylindrical slices - each with 1 cm
diameter and 3 mm thickness (Fig. 2) - inside the resolution
plate center hole under the coil (Fig. 3d and 3e). When
combined, the slices form a 1 cm diameter region 3 mm to

TABLE 1. The parameters for high-resolution 2D PD-weighted TSE
sequence and standard-resolution 2D PD-TSE sequence.

FIGURE 5. Comparison of S11 with and without the load measured with
the VNA and simulated using COMSOL. The coil in both loaded and
unloaded cases was tuned and matched to the resonance frequency.

18 mm away from the miniature coil. The defined ROI has a
size comparable to a typical pituitary gland [21].

SNR measurements were calculated with methods
described by Constantinides et al. for magnitude images of
a single-coil array [22]. SNR was calculated as the ratio of
signal and noise (SNR = S/σ ). The signals were measured
as the mean intensity within the ROI:

S =
1

NROI

∑NROI

i=1
AROI i (3)

where N is the number of samples and A is the pixel intensity.
The noise was measured as the background standard devia-
tion on a signal-free region:

σ =

√
1
Nn

∑Nn

i=1

(
Ani − Ani

)2
(4)

In this experiment, the signal-free region was selected within
the acrylic plastic part of the resolution
block.

For the 20-channel commercial head coil, the SNR was
calculated based on Kellman’s method for root-sum-of-
squares magnitude combining images, which is the gold stan-
dard for multi-channel phased array coils [23]. The scaled
noise covariance matrix was calculated from averaging pixel
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FIGURE 6. The scan (Table 1 line 1) signal SNR maps and normalized amplitude of the simulated effective transverse B1 field distributions at θ = 0◦, 38◦,
70◦ and 90◦, respectively. d indicates the distance between the coil and the imaging plane. The imaging planes were selected to be parallel to the coil
plane. Column 1&3: The SNR maps at the respective coil distances d and rotation angles θ . Column 2&4: The amplitudes of the simulated effective
transverse B1 field distributions at the central hole on the resolution Linear color scale indicates the level of the SNR and the normalized B1xy effective.
The simulation fields were normalized based on the maximum B1xy effective field at d = 4.5 mm.

SNR within ROI from two repeated standard-resolution 2D
PD-TSE scans. Standard-resolution proton density Turbo
Spin Echo (PD-TSE) MRI scans (Table 1 line 1) were per-
formed on the phantom for SNR measurements for both
miniature flexible coil and commercial head coil, and a coil
simulation model was developed to characterize the per-
formance of the coil. We plotted the SNR maps and the
amplitudes of the simulated effective transverse B1 field
distributions for θ from 0◦ to 90◦, at defined ROIs from
4.5 mm to 16.5 mm distance to the coil, shown in Fig. 2.

III. SIMULATION & EXPERIMENTAL RESULTS
A. S11 COMPARISON
The reflection coefficient S11 was recorded and then com-
pared with the simulated S11 for the loaded and unloaded
cases (Fig. 5). The simulated S11 generally agrees with the
measured S11. The quality factor Q-factor can be approx-
imated as the ratio of the resonant frequency (f0) to the
3dB bandwidth (1f3dB) [24]. The simulated quality factors
for the loaded case and the unloaded case are found to be
Qsimloaded = 16.88, Qsimunloaded = 308. And the measured quality
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factors are Qmealoaded = 11.18, Qmeaunloaded = 36.29. The lower
Q-factors from the measurement are likely to be the result
of the environment loss that was not included in the simu-
lation. A common measure for sensitivity to loading is the
ratio between the unloaded Q-factor and loaded Q-factor
[25], [26]. The measured Q-ratio is found to be Qmearatio =

3.25 and the simulated Q-ratio is Qsimratio = 18.25. A Q-ratio
that is larger than 2 indicates that the sample noise dominates
the coil noise [11].

B. IN-PLANE SNR MAP
Phantom scan in-plane SNR maps are shown in Fig. 6. The
imaging planes were selected parallel to the coil surface at
4.5 mm and 10.5 mm below the coil, as a zoom-in shot
on the resolution plate. The amplitudes of the simulated
effective transverse B1 field distributions at the same coil
depth distance and rotation angles as the SNR maps are also
shown in Fig. 6. In the simulation, the in-plane effective
field amplitudes were normalized based on the maximum
B1xy effective field at 4.5 mm below the coil.
As the coil angle increases, the overall SNR and the ampli-

tude of the B1xy effective within the ROI decreases. Because of
the circular shape of the small coil, the magnetic field from
the coil is not uniform, and dead spots, where B1xy effective
drops to zero, were observed in the in-plane results. When
the rotation angles increased from 0◦ to 90◦, the dead spot
gradually moved from the edge of the ROI to the center of the
ROI in both experiment and simulation. The simulated field
distributions qualitatively matched with the scan experiment
SNR maps.

A comparison of the high-resolution PD-TSE image
between the head coil image and the miniature coil images is
shown in Fig. 7. Though the SNR decreases with increasing
rotation angle, the phantom signal is still uniform at 60◦ coil
angle, and the image SNR is high enough to clearly show the
1 mm hole on the resolution plate.

C. MEAN SNR VS. COIL DISTANCE & ROTATION ANGLE
The mean SNR of the ROI from the phantom scan with
respect to distance from the coil and the rotation angles are
shown in Fig. 8, and then comparedwith the normalizedmean
B1xy effective within the ROI from the simulation. We normal-
ized the effective transverse field predicted by simulation at a
single point (θ = 0◦ at 4.5 mm below the coil). By setting
this one point equal to the experimentally measured SNR,
we can see that the simulations of magnetic field amplitude
track with the experimentally measured SNR, with an error of
1.1% ± 0.8%. The mean effective field at θ = 90◦ dropped
to around 20% of the mean-field found at θ = 0◦ for all ROI
depths. At θ = 0◦, the mean effective field at 16.5 mm slice
was 23.1% of the mean effective field at 4.5 mm slice. For an
ideal coil, at θ = 90◦, the coil magnetic field B1 is parallel to
the main field B0, and the SNR is expected to drop to zero.
However, in the real case, only the B1y component of the coil
field is parallel toB0 at θ = 90◦ (Fig. 2b), and spins can still be

FIGURE 7. High-resolution PD-TSE image comparisons, using the
commercial head coil (left), and the pituitary miniature flexible coil at θ =
0◦ (middle) and θ = 60◦ (right). The voxel size is 0.2 × 0.2 × 0.7 mm3.
Imaging planes were selected 1 cm from the coil. Images from miniature
flexible coil are at the same window level, while the image from the
commercial head coil is at its own window level for better visualization.

excited by B1x and B1z components, providing a reduced but
detectable signal. The mean SNR of the 20-channel commer-
cial head coil based on Kellman’s method was 99.5 (Fig. 8)
[23], which was uniform across the ROI.

A Bland-Altman plot of two repeated standard-resolution
PD-TSE scans, as shown in Fig. 9 was generated to show the
inter-scan SNR consistencies. The 95% confidence interval
indicated majority of repeated scans are within ±5% differ-
ence, which demonstrated the consistency and the repeatabil-
ity of measure SNRs from phantom scans.

D. SURGICAL PLACEMENT RESULTS
An example hypothetical miniature coil surgical placement
with the simulated SNR improvements in pituitary region is
as shown in Fig.10. In the zoom-in view of the sphenoid
sinus and the pituitary, the 2.6 cm miniature coil could be
placed at a 30◦ angle with respect to B0 field. Both coil
placement and pituitary gland contour were drawn by an
experienced neurosurgeon. The gradient line plots overlay
represents the SNR improvement factors of our coil compared
to the commercial head coil, which were estimated based on
the mean SNR from the scan of the miniature coil and the
commercial head coil. In this case, the pituitary gland enjoys
a 12 to 19 times of SNR improvement at the region close to the
coil, and at least 3 times of SNR improvement at the region
further away.

IV. DISCUSSION
Our prototype coil, which was specifically designed for intra-
operative imaging of the pituitary gland, achieved up to a
19-fold SNR improvement compared to a commercial head
coil in this agar phantom study. Our ‘‘worst-case-scenario,’’
a rotation angle of 60 degrees and an ROI depth of 16.5 mm,
still produced a 2-fold relative increase in SNR.

Re-tuning or matching is not necessary after the coil place-
ment since the coil is tuned and matched after being placed
in the sphenoid sinus. Since the coax cable is 20 cm long,
it is short enough not to pick up any significant currents
from the body coil during Tx. If the coax cable is made to
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FIGURE 8. Mean SNR from the scan at various ROI depths and rotation angles, compared with the corresponding mean of the normalized effective
transverse B1 field from the simulation. The simulated fields were normalized to a single point, the mean B1xy effective at θ = 0◦ at 4.5 mm below the coil.

be longer than 20 cm, common mode current chokes could
be placed along the length of the cable to impede the shield
currents. This technique is supplemented with a balun on the
pre-amplifier circuit board.

The increased SNR from the miniature coil enabled a
markedly higher resolution imaging compared to the com-
mercial head coil. The voxel size of the high-resolution
sequence is approximately 1/50th of the standard-resolution.
Because the SNR is proportional to the voxel size [27], our
coil enabled a much-increased spatial resolution of that cur-
rently used with standard 3T imaging. At this reduced voxel
size, the inadequate SNR associated with the commercial
coil was demonstrable. To the contrary, our phantom study
suggests that pituitary adenomas of 1 mm and smaller may
be detectable using our custom miniature intrasphenoidal
coil.

Multiple aspects of the electromagnetic behavior and per-
formance of our custom coil were accurately simulated using
a COMSOL multiphysics approach. The simulation of the
effective magnetic field aligns with the experimentally mea-
sured SNR across a clinically relevant range of coil angles
and distance, both in-plane pixel-wise and through-plane. The
consistency of these two groups of simulation data and exper-
iment data validates both the numerical simulation model and
SNR experiments. The SNR from repeated scans also had
little difference, demonstrating precise SNR measurements.
The discrepancy remaining between the mean SNR curve
and the simulation curve is likely attributable to errors in the

imaging plane alignment. The imaging planes were selected
manually on the scanner, and any mismatches in distance or
rotation angle can create shifts in the SNR curves.

Validated with the phantom scan experiment, this coil
simulation model is important in studying the interaction
between the RF fields from the surface coil and the ROI
or the phantom. As demonstrated in the surgical placement
example, the simulated coil field can be potentially used to
predict the SNR improvement of using the miniature coil
compared to a commercial head coil. It will also allow us
to simulate the performance of other surface coil designs
with different diameters, geometries, resonance frequencies,
and placement configurations, and therefore accelerate the
development of improved coil designs for future phantom
and cadaveric studies prior to clinical trials. Furthermore,
we anticipate the simulation model will potentially enable
selection of an optimal coil size and shape from a set of
existing coil designs based on the specific anatomy of each
patient.

An additional advantage of our design approach, which is
modular and relatively easily adaptable, is that in theory the
same relative multiplicative improvements in SNR would be
achievable with higher field MRI scanners as they become
clinically available. Prior research has qualitatively examined
the image quality improvement for pituitary MRI with 7T
scanners [3], [10]. Since a real-time tune and match is per-
formed, the coil can be tuned to other resonance frequencies
and thus suitable for any MRI scanner.
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FIGURE 9. Bland-Altman plot for SNR of two repeated SD PD-TSE scans,
SNR1 and SNR2. X-axis is the mean of the two scans, and Y-axis is the
percentage difference.

FIGURE 10. Coil surgical placement example on the retrospective patient
image. SNR improvement using the miniature coil compared to a
commercial head coil was estimated using the simulated effective field at
θ = 30◦. The red ellipse indicates the location of the pituitary gland.

A. LIMITATIONS
‘‘Dead spots’’ were found in the SNRmaps and the simulated
B1 field distributions. The dead spots were observed at the
locations where the coil field B1 is parallel to the MRI main
field B0. At these locations, little or no spins were excited and
thus, the signal dropped significantly. This low signal region
is a common issue observed in MRI images when using the
single loop coil and it limits the placement region of the coils.
This limitation can be possibly circumvented by using coils
with a transverse B1 field at the center of the coil, such as the
butterfly coils or figure-of-eight coils [14], [28].

We acknowledge that the coil design tested may be
too large for patients with smaller sphenoid sinus cavi-
ties, as this cavity configuration and size varies between
patients [2], [29]. Future coil designs with various shapes and
dimensions can be customized to fit more patients. Further
research on surgical placement with a larger patient database
is necessary to optimize the future coil set design.

Although our phantomwas designed to mimic human head
and sphenoid sinus anatomy, it is not clear whether the results
can be completely transferred to the clinical environment. The
pituitary gland and surrounding tissues have non-uniform tis-
sue contrast, which may cause Gibbs ringing artifact, suscep-
tibility artifact, and chemical shifts artifact [30]–[32]. Future
studies should involve cadaver or human patient studies for
a definitive assessment of the miniature coil performance in
the actual clinical environment.

The clinical application of our custom coil will require
the ability to sterilize the intracavity portion and appropriate
safety considerations. Specialty coatings and adhesives, such
as Plasti Dip (Plasti Dip Int., Minneapolis, MN, USA), can
be applied to make the coil waterproof and heat insulated
to prevent RF-induced heating. For future coil coating, other
conformal biocompatible materials like the Parylene C can
be applied and hydrogen peroxide plasma can be potentially
used for sterilization [33]–[36].

V. CONCLUSION
A miniature flexible coil has been developed, and its feasi-
bility was validated using numerical simulations and experi-
mental phantom. The proposed coil design can be surgically
positioned in close proximity to the pituitary gland, which can
provide a maximum of 19-fold SNR improvement compared
to a commercial head coil within a region of interest in
the agar phantom study. A 3D coil simulation model was
cross-validated with the experimental scan results, where the
simulation model can be used to develop and refine new coil
designswith predicted SNRgains in future studies. This study
showed the feasibility of the miniature coil for high-SNR
MRI of pituitary microadenoma.
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