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Abstract— Magnetic resonance imaging (MRI) has proven
excellent performance in dental imaging, especially for tem-
poromandibular joint (TMJ), teeth, and periodontal apparatus;
however, the high price and strict installation environment of
the conventional high-field MRI has prevented its widespread
use in dental clinics or developing regions. The introduction
of low-cost and portable MRI scanners will help increase the
easy accessibility of MRI examinations and reduce the patients’
waiting time. This work introduces a low-cost portable 50 mT
MRI scanner for dental imaging. First, the overall structure,
including permanent magnets, gradient coils, and radio frequency
(RF) coils, is introduced. The cooling system is removed because
the static field is maintained by the permanent magnets. The
system stands 90 cm wide and 110 cm high and weighs 600 kg,
which makes it possible to install in an average-sized room.
Then, the design processes of specialized RF receiving coils
for TMJ teeth are illustrated. In order to improve patient
comfort, an intraoral wireless coil for boosting the signal-to-noise
ratio (SNR) inside the oral cavity is proposed; furthermore, the
T,-weighted images of TMJ and teeth are given to show the
dental imaging performance of the proposed device.

Index Terms— Biomedical equipment, biomedical imaging,
dental imaging, electromagnetic fields, magnetic resonance imag-
ing (MRI), medical diagnosis, optimization methods, radio
frequency (RF).

I. INTRODUCTION

ENTAL diagnostic imaging typically relies on X-ray-
based methods, which have several drawbacks and
limitations, including exposure to ionizing radiation, height-
ened risk of cancer, and incapacity to image soft tissues.
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Recently, magnetic resonance imaging (MRI) has shown irre-
placeable potential in dental diagnosis [1], [2], [3], [4], due
to its nonionizing radiation and excellent soft tissue contrast.
Dental MRI has been used in a variety of situations, such
as imaging of the morphology and function of the temporo-
mandibular joint (TMJ), presurgical and implant planning, and
tumor detection [5], [6], [7]. In a radiation-free way, MRI
offers exceptional spatial and contrast resolution. Additionally,
MRI was recognized as the gold diagnosis standard for joint
effusion and TMJ disk-related illness [8]. Regular dental MRI
(1.5 or 3 T) provides high-quality images, while the high
maintenance price, strict cooling, and shielding requirements
limit its availability in dental clinics and developing regions.
Low-field MRI has demonstrated its advantages in the diag-
nosis of human brain stroke and other diseases [9], [10], [11],
[12]. Generally, “low-field” is used to broadly describe devices
below 1.5 T. A widely accepted definition [13] classifies
devices with a main magnetic field strength ranging between
0.01 and 0.1 T as “very low-field (VLF) MRI.” Because of
the use of permanent magnets to establish the main magnetic
field, VLF MRI equipment does not require a cooling system.
In addition, the use of active noise cancellation technology
allows the device to be used without shielding. These features
make the VLF MRI light, portable, and inexpensive. It can
be used in dental clinics or in arbitrary rooms, helping to
reduce the cost and waiting time for patients. Nevertheless,
the application of VLF MRI devices in dental imaging has
seldom been reported. Dental MRI requires a higher reso-
lution and signal-to-noise ratio (SNR) to enable imaging of
fine structures. This is a challenge for VLF MRI, which
has an inherently low SNR due to its low static magnetic
field.

The radio frequency (RF) coil is a key device in transmitting
the RF excitation and receiving the nuclear magnetic resonance
(NMR) signal. Its properties strongly depend on the object to
be imaged. When it comes to TMJ imaging, its proximity to
the facial surface makes it an ideal scenario for surface coil
imaging. Surface coil design for high field [14], [15], [16]
has been studied in many works. The conventional high-field
surface coil configuration, however, cannot be applied to VLF
MRI directly due to the substantial disparity in operating
frequency. For VLF MRI, the impedance of the RF surface
coil dominates the SNR, and the interturn distance, the number
of turns, and the radius of the coil all need to be optimized.
Here, we have reported on a specialized RF coils design
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Fig. 1. Overall structure of VLF MRI system.

method for dental TMJ imaging, taking into account the goal
of optimizing SNR and field of view (FOV) simultaneously.

Teeth MRI requires high resolution to visualize precise
anatomical details. On the one hand, the image resolution
depends on both the FOV and the size of the reconstruction
matrix. A smaller FOV is preferred because increasing the
FOV increases the scan time to achieve the desired image res-
olution at a similar SNR [17]. On the other hand, the acquired
FOV must include the entire sensitive volume of the RF coil
to avoid aliasing; therefore, it is imperative to use smaller and
more localized RF coils to achieve higher resolution within
a reasonable scan time. In teeth imaging, there are two main
types of coils used: extraoral coils and intraoral coils, which
are placed inside and outside the mouth, respectively. For
extraoral coils [18], the large distance between the coil and
the teeth can result in lower sensitivity and a strong undesired
signal from surrounding tissues like the cheek and oral fat.
These undesired signals can dominate over the signal from the
region of interest (ROI) and create difficulties in visualizing
the desired structures. To overcome these limitations, intraoral
coils [19], [20], [21], [22] have been proposed to increase both
resolution and SNR by reducing interference from surrounding
tissues. For better convenience of use and to reduce the cost
of coil production, a wireless resonant coil is used instead
of a wired intraoral receiver coil. Wireless resonant coils
offer the advantage of greater patient comfort and ease of
placement as they do not require the use of wires. This can
make the imaging process more streamlined and convenient
while reducing the cost of coil production.

The study reports the overall structure of a VLF MRI system
for dental imaging, particularly for TMJ and teeth. The surface
coil optimization method is discussed for TMJ imaging to
improve the SNR. A wireless resonant coil is introduced as an
intraoral coil that has the potential to improve local SNR and
overcome the limitations of wired RF surface coils. Imaging
experiments are conducted both on phantom and in vivo, and

Gradient coils

the results are presented in the form of images of the TMJ,
teeth and periodontal apparatus of volunteer subjects. These
images serve as a testament to the capabilities of the system in
the field of dental imaging. Finally, we compare the imaging
results with those of high-field imaging and discuss the pros
and cos brought about by portability.

II. OVERALL STRUCTURE OF VLF MRI DEVICES

The overall structure of the VLF MRI system is shown in
Fig. 1. The total weight of the system is around 600 kg, with
a spherical effective imaging area of 200 mm in diameter.
Permanent magnet, RF excitation coil, RF receiving coil and
gradient coils compose the main device body. The signal exci-
tation and processing system consists of several components,
including RF signal amplifiers, an NMR console, a gradient
amplifier, and a dc power supply for gradient amplifiers.
Detailed parameters of these parts are given as follows:

1) Permanent Magnet: It generates a uniform static back-
ground field along vertical direction, and is constructed
using samarium cobalt (SmCo) with a composition of
SmCo30H. The average magnetic field strength in the
ROI (sphere with a diameter of 200 mm) is about 50 mT,
with a nonuniformity of less than 200 ppm. These field
measurements were conducted with a Metrolab Precision
NMR Tesla meter (PT2026, resolution: 0.01 ppm in
uniform 3 T field, accuracy: +5 ppm of field strength).

2) RF Excitation and Receiving Coil: The RF excitation
coil generates RF pulses and delivers these pulses to
the human tissue. This NMR signal generated by the
excited nuclei in the imaged tissue is then received by
the RF receiving coil and processed by the NMR console
to create an image. The RF excitation coil comprises
two pairs of opposing solenoidal coils, producing an RF
excitation field with a uniformity of less than 5% in ROL.
The operational frequency is 2.32 MHz. The receiving
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Fig. 2. Anatomical structure of TMJ.

coil consists of the head coil, surface coil, and resonant
coil components, which will be described later.

3) Gradient Coils: Gradient coils create linear gradient
fields in three directions, allowing the creatiOn of MRI
images with spatial resolution. The maximum nonlin-
earity is 4.5% (X/Y gradient coil) and 3.2% (Z gradient
coil), and efficiency is 242 uT/(m-A) (X/Y gradient coil)
and 274 uT/(m-A) (Z gradient coil).

4) The RF power amplifier (BT00250-AlphaS, TOMCO)
and RF signal amplifier (lab-made) are used to supply
the required power for RF excitation coil and amplify
the NMR signals received by the RF receiving coil,
respectively.

5) The NMR console (EVO, MR SOLUTIONS) is respon-
sible for executing the pulse sequences, generating the
RF and gradient signals, detecting the NMR signals, and
processing the data to construct the final images.

6) The gradient amplifier (CA-150 SERIES, PCI) is pow-
ered by adc power supply (IT6724, ITECH), providing
the power to generate the gradient magnetic field.

III. RF CoIL DESIGN FOR TMJ IMAGING
A. Design Target

The TM]J is the joint connecting the skull and mandible
and is located in front of the ear. The depth of the TMJ is
typically a few centimeters below the skin surface, making
it accessible to imaging with surface RF coils. Surface coils
are known for their high SNR in close proximity to the coil
surface. The anatomical structure of the TMJ is shown in
Fig. 2. In the case of TMJ disorder, the main diagnostic criteria
rely on the position and shape of the disk [7].

The design of the surface coil takes into consideration
the average size and depth of the TMJ to ensure optimal
performance. The aim is to maximize the SNR in the target
area with a diameter of 30 mm and a depth of 30-40 mm
from the skin surface. The structure of the surface coil directly
affects the SNR, and thus, its optimization is crucial for
achieving images of the TMJ. The SNR has the following
relationship [23]:
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Fig. 3. Discretization strategy of simplified PEEC method. The left is an
N-turn surface coil, and the right conductor shows the meshing details on the
cross section of one single turn of the coil.

[ Y

Fig. 4. Equivalent circuit diagram of the coil in simplified PEEC method.

where B; denotes the effective RF magnetic field, which is
the component of the RF magnetic field that is perpendicular
to the static magnetic field. R is the equivalent ac resistance
of the RF coil, which is influenced by the skin and prox-
imity effect in working frequency. The traditional approach
of using wire length as an indicator of ac resistance (R)
[24] is not accurate, as it does not take into account the
eddy current effects. In this study, a simplified partial element
equivalent circuit (PEEC) method [25], [26] is proposed for
the calculation of R and B;, which reduces computation time
compared to finite element method (FEM) calculations. The
PEEC method converts the electromagnetic field problem into
a circuit domain and considers the resistance changes caused
by eddy currents. The computation time for a single surface
coil is only about two seconds with this method when using
AMD Ryzen7 5800H at 3.20 GHz with a memory of 64 GB.

B. SNR Calculation

First, we introduce the simplified PEEC method to fast
calculate the ac resistance (R). An N-turn surface coil is
shown in Fig. 3. The cross section of each turn is then meshed
with the n filament’s circular loops. To account for the skin
effect, we used a nonequidistant mesh with a coarser density
toward the interior and a finer density near the surface where
the current is denser.

Fig. 4 shows the equivalent circuit diagram, in which every
filament loop in Fig. 3 is represented by the lumped circuit
components. The influence of capacitance was overlooked
because the RF operating frequency is at around 2.3 MHz,
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and the capacitance effect has a negligible impact on the coil
impedance [27]. Branches in the orange dashed box represent
the n filament’s loops connected in parallel in the Ky, turn,
which are cascaded with the remaining (N — 1) turns. Taking
the Ny, turn as an example, uy and iy are the voltage and
current of the Ny turn, and Ryg, Lng, and ing are the dc
resistance, self-inductance, and current, respectively, of the gy,
filament that belongs to the Ny, turn. My;_ng is the mutual
inductance between the first filament of the Ny, turn and the
gw filament of the Ny, turn. Because the cross section of each
filament is so small the current is assumed to be uniformly
distributed, and Ry, can be calculated as the dc resistance
using the formula as follows:

_ plNg

Rng = Su
g

2

where p depicts the resistivity, Ing and Syg represent the
circumference and cross-sectional area, respectively, of the fil-
ament. The mutual inductance [28] My|_ng can be calculated
as

2 2
Mpy1-Ng = Ho/TNITNg [(z - k>K(k) - %E(k)] (3)

4ry, INg

(rég + rf,g) + AZ?

K= @)

where ry; and ry, are the radius, respectively, of two filament
loops and Az is their relative distance in the z-direction. K
and E are the complete elliptic integrals of the first kind and
o is the permeability of the vacuum. The self-inductance
of filament loop Ly, can be attained via formula (3) when
N1 = I'Ng and Az = 0.

According to the equivalent circuit diagram shown in Fig. 4,
The equivalent matrix equation is established as

U; Ry + jwMy; --- juMig --- jwuMiy L
Uk | = | jwMgi---Rg + jwMgg - -+ jwMgy Ix

ijNl--~ijNK~--RN+ijNN IN
4)

Uy

where My is a matrix contains every mutual inductance
between the filament loops in the first and Ny, turn, and Uy,
Iy, and Ry are the matrices as

UN:[MNl,...,MNg,...,MNn] (6)
Iy = [int, - v ings - inn] (7
RN = diag[RNl, ey RNga ey RNn] (8)

where uy1,iy1, and Ry depict the voltage, current, and dc
resistance, respectively, of the first filament loop in the Ny
turn. The overall current / in the coil is assumed to be 1 A,
and the total voltage U is an unknown variable. There are
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relationships as

g=1 g=1 g=1
UN =UNL ="+ =UNg =" = UNn (10)
U=u1+ - ug+---uy. (11
By solving (5), we can obtain matrices Uy, ..., Ug, ..., Uy

and I;,...,Ig,..., Iy, and then the impedance Z of the
N-turn planar surface coil can be calculated by

DHETTANE
7 — | &x=1"K ) _ | —
( i ) Dlug, i=1A (12)
K=1
and the ac resistance of the surface coil is
N
R = Real(Z) = real(z uK). (13)
K=1
The SNR can be further represented as
N n
B _ _ B
SNR b _ Zk_l Zg_l Kg (14)

VR real(zllgzl uk)

where the total effective RF magnetic field B; is the sum of the
magnetic field generated by all filament loops, Bk, represents
the field produced by the gy filament loop in the Ky turn,
which can be calculated via Biot-Savart law [29].

To determine the optimal coil structure, we perform a
systematic study of these parameters and their impact on B
and R. Based on these calculations, we are able to find the
best combination of coil turn spacing (p), inner diameter (d),
and the number of turns (n) that maximizes the SNR in the
target area of TMJ.

C. Optimal Coil Selection

The coil turn spacing (p) affects the SNR of the surface coil
by altering the coil ac resistance (R). When the turn spacing
is narrow, it causes a severe proximity effect, leading to an
increase in coil resistance and a decrease in SNR; however,
when the turn spacing exceeds a certain value, the skin effect
becomes negligible. This threshold value was determined
by calculating the SNR of several coils with varying inner
diameters (d) at different turn spacings (p). As shown in
Fig. 5, the results show that normalized SNR remains stable
when the turn spacing is greater than 2 mm, indicating that
the proximity effect is insignificant. Based on these findings,
a coil turn spacing of 2 mm is chosen.

In the study, the SNR along the z-axis and in the xoy plane
were considered simultaneously. The SNR dependence on the
inner diameter (d) of the coil is illustrated in Fig. 6(a) and (b).
The SNR is high close to the surface of the coil for smaller
diameters, but it decreases rapidly as the distance increases,
as shown in Fig. 6(a). Fig. 6(b) depicts that the coil with
a 60 mm diameter offers the highest SNR and a relatively
larger FOV in the xoy plane (z = 40 mm); therefore, the inner
diameter of the coil was fixed at 60 mm. The relationship
between the SNR and the number of turns (n) in the coil is
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with a number of turns. (d) SNR along the y-axis with a number of turns.
The SNR is presented in the form of normalized values ranging from 0 to 1.

demonstrated in Fig. 6(c) and (d), showing that increasing the
number of turns leads to a gradual increase in SNR, but with
a diminishing rate of growth. To avoid the inconvenience of
using oversized coils, a coil with seven turns was selected for
the experiment.

In conclusion, a flat circular coil with an inner diameter of
60 mm, a turn spacing of 2 mm, and seven turns was ultimately
chosen as the optimal solution.

D. Experiments

To verify the calculation results, six coils with different
structures were fabricated and tested, as shown in Fig. 7.
The first row shows four coils with five turns and different
inner diameters (20, 40, 60, and 80 mm), while the second
row shows three coils with an inner diameter of 60 mm and
different numbers of turns (3, 5, and 7). Coil 6 was the
calculated optimal coil. The six coils were placed on one side
of a square water phantom and imaged, the results of which
are shown in Fig. 8.

The SNR of the images along line 1 and line 2 were
plotted in Fig. 9, which shows that coil 6 meets the design

4503111

2000

number of turns=5
diameters=20,40,60,80 mm

diameters=60 mm

number of turns=3,5,7

Fig. 7. Real coil structures of the six coils.
coil 1 coil 2 coil 4 coil 5 coil 6

Fig. 8. T)-weighted images of the six coils.

requirements with a high SNR in the depth range of 30-40 mm
and a uniform SNR distribution in the 35 mm plane. The
experimental results confirmed the calculation results. Finally,
coil 6 was used for TMJ imaging.

The placement of the coil on the head surface is depicted in
Fig. 10. The results of the TMJ imaging of volunteers using
coil 6 can be seen in Fig. 11, which showed good imaging
quality with high SNR and clear TMJ structures. The first
and second rows of images are the TMJ imaging results of
the volunteer with the mouth closed and open, respectively.
Together, the two images in the open and closed positions can
provide a diagnosis of TMJ disorder. The third row of images
shows the TMJ imaging results in the oblique coronal position
with the mouth closed.

Fig. 12 shows one of the T}-weighted TMJ images and the
corresponding SNR distribution map. It is evident that within
undesired areas, the SNR is notably reduced. Conversely,
in the desired region, there is a significantly robust SNR
exhibiting a local enhancement effect. Within the TMJ region,
the outer layers (cortex) of the condyle (marked with a star)
and temporal bone (marked with a triangle) do not present any
MRI signal (SNR = 1). In contrast, their marrow demonstrates
a relatively high signal intensity attributable to a higher lipid
content, resulting in an SNR exceeding 15. The normal TMJ
disk (marked with an arrow) maintains a biconcave shape and
manifests as an area with low signal intensity, with an SNR of
approximately 1. Based on the aforementioned characteristics,
we can distinguish the shape and position of the disk in this
image, providing a diagnostic basis for TMJ disorders.

High-field MRI is considered the gold standard [30], [31]
for diagnosing TMJ disorders because it allows direct visu-
alization of the TMIJ disk (anatomical structure is shown
in Fig. 2) in both the open- and closed-mouth positions.
In Fig. 13, VLF MRI images were compared with high-field
MRI (Siemens, Avanto, 1.5 T) images for both open- and
closed-mouth positions, with the disk marked in red lines.
Healthy volunteers were the imaging subjects, and it can be
seen that in the open- or closed-mouth position, the disk
consistently remains above the condyle. Both portable VLF
and high-field imaging can distinguish the position and shape
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Fig. 10. TMIJ surface coil placement.

of the TMIJ disk, which is indicative for diagnosing TMJ disor-
ders. Of course, VLF dental imaging is a new application, and
its direct use in clinical diagnosis in hospitals requires some
clinical validation over time. The imaging results, however,
indicate that it indeed holds potential for dental diagnostics.

IV. RESONANT COIL DESIGN FOR TEETH IMAGING
A. Coil Design and Simulation

MRI teeth imaging requires high SNR in a small target
region. The intraoral surface coil offers an obvious advantage
over body coils or extraoral surface coils, but its wired con-
nection restricts its flexibility and comfort. A low-frequency
resonant coil is proposed as a replacement for the traditional
intraoral surface coil. This solution allows for wireless opera-
tion and improves patient comfort.

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 73, 2024

Fig. 11. TMJ T;-weighted images of volunteers, showing the anatomy
of TMJ and related muscles. (a) Closed-mouth, oblique sagittal position.
(b) Open-mouth, oblique sagittal position. (c) Closed-mouth, oblique coronal
position. A 3-D gradient recalled echo (GRE) sequence was utilized for
T-weighted imaging. Slice thickness = 10 mm, echo time [TE] = 21 ms,
repetition time [TR] = 46 ms, number of averages = 4, resolution = 1.5 x
1.5 x 10 mm?, and FOV: 200 x 200 mm.

Fig. 12. TMJ imaging result analysis. (a) 7}-weighted image, including TMJ
disk (arrow), temporal bone (triangle), and condyle (star). (b) SNR distribution
map: SNR measures useful signal strength relative to background noise in the
image.

A resonant coil, which is passive and does not require
electrical power, can be used in conjunction with a head or
body coil to improve the local SNR. As depicted in Fig. 14(a),
the resonant coil has resistance (R;) and inductance (L), and
chip capacitors (C,) connected to its ends. When NMR signals
at 2.32 MHz are detected, the presence of capacitors leads to a
series resonance in the coil, resulting in the coil exhibiting low
impedance and high resonant current. As shown in Fig. 14(b),
the resonant coil and the head receiving coil are positioned
parallel to each other, which are related in the form of mutual
inductance. The locally enhanced magnetic resonance signal is
then captured using the solenoidal RF receiving coil. In order
to evaluate the SNR enhancement effects, the head receiving
coil can be used as the excitation source, and its magnetic
field intensity is used to gauge its sensitivity. The resonant coil
reaches resonance under the excitation of the head receiving
coil, which leads to a sharp increase in the resonant current
and magnetic field.
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VLF MRI

High-field MRI

Fig. 13. TMIJ image comparison between VLF MRI (50 mT) and high-field
MRI (Siemens, Avanto, 1.5 T) devices. The structure marked with red lines is
a disk of TMJ. (a) Closed-mouth, oblique sagittal position. (b) Open-mouth,
oblique sagittal position.
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Fig. 14. Coil models and corresponding circuit diagrams. (a) Resonant coil
and its equivalent circuit. (b) Head receiving coil and resonant coil are related
in the form of mutual inductance.

The resonance effect results in a significant increase in the
SNR of the receiving coil. According to the circuit diagram
in Fig. 14(b), we have

Rl + joLi I + joMI, =U (15)
1
R212+ij2]2 + = 12 +]C()M11 =0 (16)
JjoCs

where Ry, R,, L, and L, denote the resistances and induc-
tances of the head receiving coil and the resonant coil, U
is the unit voltage across the head receiving coil, Mdenotes
the mutual inductance, C; is the lumped capacitance added to
the ports of the resonant coil. When the resonant coil is in
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Fig. 15. Magnetic field distribution from FEM simulation, where (a) and
(c) represent the condition with the resonant coil, and (b) and (d) represent the
condition with only the head receiving coil. (a) and (b) are shown in different
color scales, while (¢) and (d) share the same color scale.

resonance, we have

joL, + 0. a7

JjoCs -
Then, the current in the head receiving coil /; and resonant
coil I, can be expressed by

I=— A (1)
w*M? + (R + joL1)R,
joM

w’M? + (R1 + ja)Ll)Rz.
The equivalent magnetic field is the superposition of the field
produced by I, and I,.

FEM Simulations were carried out to show the enhancement
effects of the resonant coil. The voltage of unit magnitude
was added to the ports of the head receiving coil, generating
an RF magnetic field in the image region. The distribution of
the RF magnetic field reflects the sensitivity of the receiving
coil. As shown in Fig. 15, the simulation results illustrate
that the resonant coil significantly enhances the magnetic field
compared to the scenario with only the head receiving coil.

L= 19)

B. Coil Construction

As indicated by the analysis, the resonant coil has the
capacity to enhance the local SNR in a manner similar to
the intraoral surface coil. To make a comparison between the
two, imaging studies were conducted using the same water
phantom. Two trapezoidal spiral flat coils were fabricated and
used as the intraoral RF surface coil and the resonant coil,
as shown in Fig. 16(a) and (b), respectively. The resistance
and inductance for trapezoidal spiral flat coils is 58 m2 and
347 nH. The intraoral RF surface coil had a m-shaped circuit
added for matching it to 50 €2, and the measured transmission
coefficient was 25 dB. The resonant coil had added chip
capacitors to make it resonant at the desired frequency, and the
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Fig. 16. Intraoral surface coil, resonant coil, and experiment setup.
(a) Intraoral surface coil, connected to the signal line with the matching circuit.
(b) Resonant coil, with its resonant capacitances. (c) Water phantom imaging
experiment setup for resonant coil (for intraoral surface coil, the setup is the
same, but the head receiving coil is removed).

(b)

Fig. 17. T;-weighted images of the water phantom, with (a) intraoral surface
coil and (b) resonant coil.

actual matching capacitance of the resonant coil is 13 540 pF.
The rectangular water phantom has a side length of 110 mm,
and its solution is composed of copper sulfate pentahydrate
(CuS04-5H,0) and pure water (H,O) with a ratio of 1.95 g/L.
As shown in Fig. 16(c), the phantom is placed in the center of
the solenoid receiving coil, and the resonant coil is placed
on the center surface of the phantom. The setup was the
same for the imaging experiment of the intraoral surface
coil; however, the head receiving coil was not working at
that time. The T;-weighted images of a water phantom using
these two coils are shown in Fig. 17, with a comparison
of SNR values along line 1 in Fig. 18. This comparison
is based on the very best performances ever achieved by
the two coils. The imaging findings demonstrated that the
resonant coil and intraoral surface can achieve a similar SNR
performance. It was discovered that the resonant coil had a
more user-friendly construction and was wireless, making it
more practical to employ in situations where plug-in coils are
necessary.

C. Teeth and Periodontal Apparatus Imaging

The resonant coil with the head receiving coil was used for
teeth imaging. T)-weighted images are shown in Fig. 19. The
results demonstrate that the resonant coil enhances the SNR
effectively in the tooth region while exhibiting a low signal in
the rest of the head area. The T}-weighted image of the tooth
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Fig. 18. SNR comparison along line 1 between the intraoral surface coil and
the resonant coil.

Fig. 19.  Tj-weighted images of the teeth and periodontal apparatus of
volunteers. 3-D GRE sequence was utilized for 71-weighted imaging. These
images were acquired in 1 min 30 s, with a slice thickness of 8 mm. Echo
time [TE] = 19 ms, repetition time [TR] = 40 ms, number of averages = 4,
resolution = 1.5 x 1.5 x 10 mm?, and FOV: 200 x 200 mm.

displays the bone with a low signal intensity, while the pulp
exhibits a high signal intensity.

SNR analysis is carried out in the desired region in the
teeth imaging result, as shown in Fig. 20. The highest SNR
is observed in the tongue region (marked with a triangle,
maximum SNR > 20). This is because the resonant coil
is closest to the tongue, and the tongue contains abundant
moisture. Following that is the gingiva (marked with a star),
with an SNR of around 10. The bony part of teeth typically
appears as regions with low signal intensity in MRI (in
this image, SNR ~ 1). This is because dense bone tissue
contains minimal water content, resulting in a relatively small
contribution to the NMR signal; however, the gingival contour
clearly delineates the shapes of the teeth. Additionally, the
dental pulp (marked with an arrow) within the teeth also
exhibits intermediate signal intensity (SNR & 5), allowing for
a preliminary assessment of the morphology of the dental pulp
through this image. Overall, the imaging results align with our
design specifications. The intraoral resonant coil successfully
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Fig. 20. Teeth imaging result analysis. (a) 7;-weighted image, including
dental pulp (arrow), tongue (triangle), and gingival (star). (b) Local SNR
distribution calculated by dividing the useful signal by the background noise.

VLF MRI High-field MRI

Fig. 21.
high-field MRI (Siemens, Avanto, 1.5 T) devices.

Teeth image comparison between the VLF MRI (50 mT) and

enhances local SNR, displaying low signals in undesired areas,
such as the cheeks, while revealing signals in the tooth region.

We also compared the VLF MRI dental images with
high-field MRI images, as shown in Fig. 21. In the high-field
(Siemens, Avanto, 1.5 T) imaging results using the traditional
coil (head coil), there is a uniform SNR throughout the entire
image. In contrast, our proposed resonant coil only enhances
the SNR in the dental area, avoiding the undesired high
signal in the cheek area. In both VLF and high-field MRI
imaging results, the structural contours of the teeth and dental
pulp can be distinguished. Compared to high-field imaging
results, the SNR and resolution in low-field imaging are
inevitably weaker; however, this is a compromise in exchange
for equipment size, portability, and cost-effectiveness.

V. CONCLUSION

This study provides insights into the design and implemen-
tation of a VLF MRI system for dental imaging, specifically
focusing on the optimization of the surface coil for TMJ
imaging and the use of a wireless resonant coil for intraoral
imaging. The results of the imaging experiments on phantom
and in vivo subjects demonstrate the capability of the system to
capture images of the TMJ and teeth. The presented results are

4503111

valuable for the development of advanced VLF MRI systems
for dental imaging applications.

The principle of MRI dictates that a higher magnetic field
strength can lead to better image quality; therefore, inevitably,
reducing the size and weight of the magnet weakens the image
quality; however, due to the demand for portable MRI in some
special fields, a trade-off between image quality and portability
is necessary to meet various usage requirements. The benefits
derived from portability include.

1) Accessibility: Low-cost, portable MRI scanners can
increase access to MRI technology in underserved areas,
smaller clinics, or remote locations where traditional
MRI machines might not be feasible.

2) Ease of Installation: Portable scanners are generally
easier to install and set up compared to high-field MRI
systems; for example, no cooling device is needed.

3) Point-of-Care Imaging: Portable MRI scanners can be
used for point-of-care imaging, enabling rapid diagnosis
in different scenarios or providing real-time imaging
during surgical procedures.

Accordingly, portability brings some cons, including:

1) Low Image Quality: Portable MRI scanners may have
limitations in terms of image quality compared to high-
field scanners. It will take some time to accumulate
rigorous certification before it can be used in real clinical
settings.

2) Insufficient Stability: While the equipment does not
require a cooling system, the permanent magnet can be
lightly influenced by external temperatures. As a result,
the uniformity of the static magnetic field is affected,
thereby causing unstable performance.

In the future, there will be a heightened focus on enhancing
the image quality of portable MRI scanners. This will involve
advancements in RF technology and the exploration of inno-
vative magnet structures. Additionally, research into effective
temperature control systems for permanent magnets will be
conducted.

APPENDIX

The technical specifications of the proposed MRI scanner
are given as follows.

1) Structural Information: The system stands 90 cm wide,
110 cm high, and weighs 600 kg. No cooling is required,
and it can be installed in an average-sized room.

2) Portability: Assistive wheels can be added, allowing a
single person to move it between rooms.

3) Static Magnetic Field:Generated by the SmCo perma-
nent magnet. The average magnetic field strength in the
ROI (sphere with a diameter of 200 mm) is 50 mT, with
a nonuniformity of less than 200 ppm.

4) Gradient Field: Passive gradient shielding systems are
installed. The maximum nonlinearity is 4.5% (X/Y
gradient coil) and 3.2% (Z gradient coil) for full
ROI, and can achieve a maximum gradient strength of
242 puT/(m-A) (X/Y gradient coil) and 274 pT/(m-A)
(Z gradient coil).
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5) RF Coils: Equipped with surface coils for TMJ imaging

6) Pulse

and intraoral resonant coils for dental imaging. Head
volume coils are provided as a supplement.
Sequences: T)-weighted, T,-weighted,
diffusion-weighted are available.

and

7) Imaging Time: The imaging time depends on the
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selected imaging parameters. For T}-weighted imaging,
the typical imaging time is 2.5 min for 12 slices.
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