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Omnidirectional Monolithic Marker for
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Chim-Lee Cheung , Mengjie Wu , Graduate Student Member, IEEE, Ge Fang, Justin D. L. Ho ,

Liyuan Liang , Kel Vin Tan , Fa-Hsuan Lin , Hing-Chiu Chang ,
and Ka-Wai Kwok , Senior Member, IEEE

Abstract— We present a design of an inductively cou-
pled radio frequency (ICRF) marker for magnetic reso-
nance (MR)-based positional tracking, enabling the robust
increase of tracking signal at all scanning orientations in
quadrature-excited closed MR imaging (MRI). The marker
employs three curved resonant circuits fully covering a
cylindrical surface that encloses the signal source. Each
resonant circuit is a planar spiral inductor with parallel
plate capacitors fabricated monolithically on flexible printed
circuit board (FPC) and bent to achieve the curved structure.
Size of the constructed marker is Ø3-mm × 5-mm with qual-
ity factor > 22, and its tracking performance was validated
with 1.5 T MRI scanner. As result, the marker remains as a
high positive contrast spot under 360◦ rotations in 3 axes.
The marker can be accurately localized with a maximum
error of 0.56 mm under a displacement of 56 mm from
the isocenter, along with an inherent standard deviation
of 0.1-mm. Accrediting to the high image contrast, the
presented marker enables automatic and real-time tracking
in 3D without dependency on its orientation with respect to
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the MRI scanner receive coil. In combination with its small
form-factor, the presented marker would facilitate robust
and wireless MR-based tracking for intervention and clinical
diagnosis. This method targets applications that can involve
rotational changes in all axes (X-Y-Z).

Index Terms— Magnetic resonance imaging (MRI), posi-
tional tracking, inductively coupled radio frequency (ICRF)
coil, interventional MRI, position measurement.

I. INTRODUCTION

ACHIEVING accurate localization and positional tracking
of interventional tools and patient anatomy under MRI

plays a critical role in MR-guided intervention and clinical
diagnosis [1]. Development in MR markers has enabled pre-
cise targeting and control during surgical operation, such as
biopsy procedure [2], neurosurgery [3], renal denervation [4],
and brachytherapy [5] etc. Furthermore, the markers also
introduced solutions in automatic three-dimensional location
[5], [6], [7], [8], [9] and motion artifact reduction [6], [10].

Based on the structure and working principle, these markers
can be categorized into passive-, active-, semi-active, and
tuned-circuit tracking. Passive tracking markers contain con-
trast agents that alter local MR signal intensity by shortening
T1 or T2 value [11], [12], or paramagnetic materials that intro-
duce local magnetic field distortion [13], [14], [15]. Although
passive marker can avoid RF safety hazards, it generally
involves complicated MR sequences to identify marker signal
unambiguously from background signals [16], or distinguish
signals from multiple markers when they are closed to each
other. Active tracking marker utilizes MR-compatible radiofre-
quency (RF) circuits wired to MR scanner. The major advan-
tage of active marker is that fast and accurate tracking can
be conducted with multiple markers connected to the scanner
receiver channels. However, the long electrically conductive
wire connection would induce RF heating [17], [18], [19],
[20], [21], or pose a barrier in clinical or interventional imple-
mentations [17], [22], [23]. Semi-active tracking was proposed
and replaced the electrically conductive wires by an optical
fiber [23], [24]. The fiber can switch the resonant frequency
of the resonant circuit through controlling the amount of light
transmit to a photodiode or photoresistor. However, these extra
electronic components inevitably increase the overall size of
marker, thus making integration further difficult.
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To this end, inductively coupled radio frequency (ICRF)
markers have gained increasing interest for MR-based tracking
[2], [6], [8], [25], [26], [27], [28], [29], [30], [31], as they
do not require electrically conducting wire connection to the
MRI scanner, thus reducing the implementation complexity,
as well as the risk of RF-induced heating due to wiring
[17], [18], [19]. Furthermore, by using 1D-projection MRI
pulse sequence, wireless markers can offer real-time tracking
with high signal-noise-ratio at around 30 Hz [6], [30]. The
underlying working principle of wireless tracking is resonant
inductive coupling between the marker’s inductor and MRI RF
coils such that the excitation magnetic field inside the marker
can be substantially increased. Therefore, it increases the flip
angle and MR signal during the RF excitation and MRI data
acquisition, respectively, thus giving rise to image contrast sur-
rounding the marker. Recent advances in ICRF marker design
have led to smaller footprints with high quality factor [32],
e.g., using 3-D circuits printed with aerosol jet deposition [33].
Celik et al. [8] also presented MR-tracking of both position
and orientation just using a single marker. Remote-control
schemes [2] were also proposed by employing optical or
electrical triggers, altering the RF resonance properties [34]
of ultra-thin and flexible marker for anatomic marking.

The design approaches of resonant circuits can be catego-
rized into solenoid coil [6], [9], [29], [35], [36], [37], planar
coil [8], [30], [32], [38], double helix inductor [33], and split-
ring structures [2]. However, the majority of their designs
[2], [6], [8], [28], [29], [30], [32], [34] encountered the same
problem of orientation dependency, such that the signal-noise-
ratio drops to its minimum when the inductor surface normal
aligns to the MRI static magnetic field. This is because the
degree of magnetic flux coupling, and hence the level of signal
increase has orientation dependency. Pairs of resonant circuits
with crossed solenoid inductors were previously proposed,
acting as fiducial markers for catheter tracking. However,
it is technically challenging to fabricate solenoid inductors in
small diameter. Manual winding may not make it possible,
and the required tuning and matching processes could also be
tedious and complicated. Therefore, in this study, we present a
new method that overcomes the existing challenges in signal
orientation dependency as well as fabrication difficulty. Our
approach utilizes a monolithic flexible printed circuit (FPC)
board fabricated with three curved resonant circuits, to enable
wireless 3D positional tracking with strong signal increase at
all orientations.

Our work contributions can be summarized below:
i) It is the first MR tracking marker utilizing curved mono-

lithic structures for omnidirectional sensing. The bendable
tracking marker allows mutual coupling between the
marker and MRI B1 field at ANY orientation.

ii) Fabrication of a curved marker with flexible printed
circuit (FPC), where its monolithic structure enables full
machine manufacturing without tedious manual tuning
and matching.

iii) Performances of marker imaging and localization were
evaluated under a closed-bore 1.5 T MRI scanner. Orien-
tation dependency and tracking performance of the marker
are both evaluated. RF-induced heating of our fabricated
markers is also verified to ensure MR safety.

Fig. 1. (a) Schematic diagram of a typical ICRF coil circuit. Current, I,
generated through inductive coupling between resonant circuit and
MR scanner RF coils. (b) Orientation of an inductively coupled radio-
frequency marker (ICRF) with respect to MRI B0 field, Tx and Rx RF
coils. A circularly polarized B1 field is generated and received on the X-Y
plane. Surface normal of the marker inductor is denoted by vector s.

Fig. 2. (a) Architecture of an individual resonant circuit. The circuit
inductively couples to the scanner RF Tx and Rx coils in order to increase
the MR signal. (b) Copper conductor routing demonstrations with number
of turns: 9, ℓL = 2.8 mm, ℓC = 2 mm, w = 0.06 mm, t = 0.06 mm.

II. MATERIAL AND METHODS

In the present study, our aims are 1) to track and visualize
the marker in arbitrary orientations around the X-, Y- and
Z- axis, and 2) to increase and visualize MR signals with the
marker at low flip angle (i.e., 1◦) such that only signal sources
near the marker are excited, and allows rapid localization of
the wireless marker using 1D projection, precluding the need
for time-consuming image reconstruction [29], [30].

A. Orientation Dependency in Prior Art
A wireless marker is a tuned LC tank circuit (Fig. 1a) at

resonant frequency matchable with the MRI scanner Larmor
frequency. When a wireless marker is placed inside a closed-
bore scanner with circularly polarized B1 field, only compo-
nents B+

1 and B−

1 that are parallel to the marker’s surface
normal vector s are effective for generating current through its
inductor. Referring to Fig. 1b, when surface normal s moves
along the X-Y plane, the signal is constant as the effective
flux passing through the marker surface is the same. However,
when s is parallel to the Z-axis, the electromagnetic coupling
between the inductor and Tx/Rx RF coils becomes zero and
no signal enhancement can be achieved.

B. Omnidirectional Marker Design
The marker comprises of three resonant circuits where

each circuit is formed by arranging two layers of conductive
copper paths into a planar spiral inductor, with a central
via connecting the planar inductors together, as illustrated
in Fig. 2a-b. The spiral inductor is then connected to a parallel
plate capacitor to form an LC tank circuit. The capacitor is
designed by sandwiching a dielectric layer (material: poly-
imide, thickness: 25 µm) between two conductive plates on
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Fig. 3. Omnidirectional marker: (a) Front view. Three curved resonant
circuits are located by red, blue and green dash-line regions. The surface
normals of three individual circuits are s1, s2 and s3. (b) Top view.

both sides of a flexible printed circuit (FPC). A standard FPC
fabrication process [39] was used to electroplate the copper as
the conductive layer (thickness: 12 µm), with an electrically
insulative coverlay encapsulating the circuit. It involves circuit
pattern exposure, etching, copper plating and coverlay lami-
nation. 3D-printed circuit fabrication could also be considered
with precise inkjet deposition printer (e.g., Nano Dimension
DragonFly LDM 2.0 [40]). The proposed marker architecture
is a monolithic structure where the inductor and capacitor are
connected to each other during machine manufacturing, and
no manual fabrication is needed.

The omnidirectional tracking arrangement is shown
in Fig. 3a-b, with three curved resonant circuits evenly
wrapped on a 3 mm diameter hollow cylinder (wall thickness:
0.25 mm, length: 10 mm) surface, such that the three circuits’
surface normal s1, s2 and s3 originated from the same centroid
are separated by 120◦ along the same plane. The length ℓL of
inductor can be briefly expressed as:

ℓL =
2rπ

3
(1)

where r is the radius of central cylinder as shown in Fig. 3.
A gap of 0.2 mm was reserved between circuits to avoid
electrical bridging during fabrication. An individual resonant
circuit has a total dimension of 2.8 mm × 5 mm in planar
form. The cylinder is filled with 10 mM gadolinium-doped
water which is a typical MRI contrast agent for enhancing
signal increase, acting as the internal signal source. Two sides
of the cylinder were sealed with UV-curable adhesive.

A wireless marker couples to scanner RF coils in two
modes [23], [37]: in transmit mode, the marker couples to
transmit coil B1 field during RF excitation, generating addi-
tional flux that increases flip angle. And in receive mode,
reciprocal effect takes place and the observed signals by
receiver coil are increased. The flux generated in the marker
can be expressed as

φ = B1 A (2)

where A refers to the marker surface area that can be coupled
to the scanner RF coils. The marker surface area A can
further be decomposed into two perpendicular plane areas Ax
and Ay . As illustrated in Fig. 4, angles θX ′ , θY ′ , and θZ ′

denote the rotation around X’-, Y’-, and Z’-axis, respectively.

Fig. 4. Marker’s effective planes for B1 field to pass through during RF
excitation and acquisition at two perpendicular orientations: planes Ax
(red), and Ay (blue). Their corners are labeled by 8 numbers along with
the origin point, O. The corners’ 3D coordinates are tabulated below.
(a) Marker with θX ′ , θY ′ , θZ ′ = 0. Plane Ax lies on X-Z plane, and
plane Ay on Y-Z plane. (b) When θX ′ = 90◦, the marker is positioned
vertically, thereby only plane Ay is effective for B1 field to pass through.
(c) When θY ′ = 90◦, only plane Ax is effective. (d) When θZ ′ = 90◦, both
the planes Ax (red) and Ay (blue) are effective.

When angles θX ′ , θY ′ and θZ ′ are equal to zero, the planes, Ax
and Ay are orientated as depicted in Fig. 4a, and their surface
area can be expressed as:

Ax =
√

3 · r · ℓL

Ay = 1.5 · r · ℓL (3)

Note that for readily expression, the gaps (0.2 mm) among
adjacent resonant circuits are assumed negligible. Effective
area He f f for inductively coupling in three different boundary
conditions (i.e. θX ′ = 0, θY ′ = 0, θZ ′ = 0) shown in Fig. 4a-d,
can be expressed as:

He f f (θX′) = 2Ax cos (θX′) + 2Ay

He f f (θY′) = 2Ax + 2Ay · cos (θY′)

He f f (θZ′) = 2Ax + 2Ay (4)

Note that the effective area at any orientation is always larger
than zero, allowing it to receive and increase MR signals at
arbitrary angle.

C. Marker Fabrication and Characterization
Three resonant circuits were fabricated monolithically in

a single piece form (Fig. 5a). In our case, only the length
ℓC of capacitor, as shown in Fig. 3, is variable, while
the planar square inductor size, the thickness and dielectric
constant of dielectric layer are all fixed. Therefore, the single
circuit can be fine-tuned by only adjusting the length ℓC
of capacitor in our few design iterations. However, when
three circuits were wrapped evenly on the hollow cylinder
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Fig. 5. (a) Original planar form of three monolithic resonant circuits.
(b) Curved form of the resonant circuits forming the omnidirectional
marker. (c) Three markers embedded inside an MRI-compatible needle
guide in order to provide 6-DOF positional tracking.

Fig. 6. Three markers wrapped around the surface of a glass tube. The
number of circuits differs for each marker: 1, 2, and 3.

to form the marker (Fig. 5b), deformation could change the
resonant frequency of each circuit. The resonant modes of final
assembly are contributed by three circuits and their mutual
coupling effect together, complicating the frequency tunning.
Moreover, identical resonant circuits placed adjacently can
lead to frequency splitting. To accurately quantify the coupling
effect, we carried out an S12 measurement experiment and
finite element analysis (FEA). As shown in Fig. 6, two new
baseline markers were fabricated to compare their frequency
response with our 3-circuit marker, which can show how the
resonating modes change as the number of circuits increases.
One baseline contains one circuit, and the other contains
two circuits. The gap between the two circuits remained
at 0.2 mm. All these circuits were also wrapped around the
surface of the cylindrical glass tube (Ø3 mm). The frequency
response of three markers was characterized using a vector
network analyzer (E5071C, Keysight Technologies). A non-
contact probing setup with an electric field probe (100D, Bee-
hive Electronics) and a magnetic field probe (100A, Beehive
Electronics) was connected to E5071C for wireless measure-
ment [32]. The measurement mode of E5071C was configured
as S12. Furthermore, COMSOL Multiphysics® (COMSOL
Inc, Sweden) was used to simulate the inductive coupling
among three circuits. The marker was placed in a spherical
air domain with a diameter of 16 mm. The air domain
was wrapped by a 1.5 mm-thick perfect match layer (PML),
reducing the interference caused by boundary reflections.
The material of the dielectric layer was polyimide, and its
relative permittivity was 3.4. In the mesh construction, the
minimum element size was set as 3 µm for some sig-
nificant parts (e.g., via, copper layer and dielectric layer),
so the smallest surface can be divided into four mesh cells.
As shown in Fig. 7, the model was divided into 7,396,888 free

Fig. 7. Finite element mesh construction in the case of free tetrahedral
elements in COMSOL Multiphysics. Three circuits (yellow) are attached
to a glass tube and placed in the center of a spherical air domain
(Ø16 mm). A 1.5 mm-thick perfect match layer (PML) wraps outside
the air domain, serving as an open and non-reflecting infinite magnetic
domain. A finer mesh scale (minimum element size: 3 µm) is applied to
these crucial parts (e.g., the via) to ensure sufficient mesh resolution.

tetrahedral elements and 1,279,610 boundary elements to
ensure a high mesh resolution for FEA simulation. Because the
self-inductance and mutual inductance among three resonators
are solely dependent on the marker’s geometry and indepen-
dent of the currents’ values [41], three circuits are directly
excited by input currents to simulate the induced magnetic
field. As depicted in Fig. 9b, specifying a 180◦ intersection
angle between virtual RF waves and the Y-axis, RF waves
traverse circuit 1 from outer surface to inner surface, and then
traverse circuit 2 and 3 in opposite directions. Thus, the input
currents in circuit 2 and 3 have the same direction, opposing
to the current direction of circuit 1. In addition to the current
direction, the input current values must be proportional to the
effective areas defined in Equation (4), where the circuit 1
effective area is twice that of circuit 2 or 3. Therefore, in our
COMSOL mode, circuit 1 was stimulated by a current of
−0.8 milliamps, whereas the remaining two circuit units were
excited by 0.4 milliamps. Note that these currents’ values
and polarity are not the actual currents generated in MR
experiment. Then, we conducted three studies in COMSOL
AD/DC module: 1) simulation of the capacitance (C) in Elec-
trostatic Field Interface; 2) simulation of self-inductance (L),
mutual inductance (M) as well as resistance (R) of the
circuits in Magnetic Field Interface; 3) study of frequency
response using the Electric Circuit Interface to connect R,
L , M, and C . For ease of reproducible prototyping, we have
shared the COMSOL-based 3D FE model, original project,
and the Gerber files of our FPC on a public GitHub repos-
itory (https://github.com/mengjwu/MRtrackingMarker). Note
that these three circuits have to be assembled on glass cylinder
tube filled with 10 mM Gd-doped water that acts as internal
signal source. To evaluate maker’s signal increase effect in
addition to the positive contrast agent, two cylinders with
same size and amount of 10 mM gadolinium-doped water were
scanned with and without marker, at flip angle = 1◦ and flip
angle = 10◦ respectively. The MR images were acquired using
fast spoiled gradient-echo (FSPGR) sequence, with parame-
ters: TE = 2.788 ms, TR = 7.1 ms, Slice thickness = 30 mm,
Matrix = 192 × 192, Pixel Spacing = 0.75 mm. The
signal increase effect was also evaluated against the relative
distance between marker and scanner receive coil, where the
body coil in MR scanner acted as Tx coil, and the birdcage
coil served as Rx coil. Both of the Tx and Rx coils used
quadrature polarization. Marker signal-noise-ratio (SNR) was



CHEUNG et al.: OMNIDIRECTIONAL MONOLITHIC MARKER FOR INTRA-OPERATIVE MR-BASED POSITIONAL SENSING 443

Fig. 8. Coronal images of cylinder with marker and Gd-doped water,
and Gd-doped water only. The bright spot both at flip angle (FA) = 1◦

and 10◦ indicates the signal increase effect of the marker. Region of
interest maximum signal intensities (SI) of highlight green region indexed.

compared between two placements: one is at the isocentre
of MR scanner, and the other is on the inner surface of
receive coil so as to ensure the minimal relative distance
from the coils. The MR images were acquired using a GE
Signal Artist scanner with FSPGR sequence, with parameters:
TE = 3.3 ms, TR = 7.2 ms, Slice Thickness = 20 mm, Pixel
Spacing = 1 mm, Flip Angle = 1◦.

D. MRI Orientation Dependency Test
The marker orientation dependency was evaluated with the

marker embedded inside a 3D-printed MRI compatible block.
The block is mounted on a 3D-printed plastic protractor
stand that can rotate in steps of 10◦ around X’-, Y’- and
Z’- axis from 0◦ to 90◦. The protractor stand was affixed
at the isocenter inside a clinical 1.5 T MRI Scanner (Signa
Explorer, GE Healthcare) with a standard 8-receiver imaging
head coil. The marker filled with 10 mM gadolinium-doped
water is sufficient to generate enough signal to be detected by
the receive coil. Apart from gadolinium-doped water and the
subject inside the head coil, no extra signal source was present
during the experiments even at low flip angle (e.g., 1◦).

The MR images at different orientations were acquired
using FSPGR sequence, with parameters: TE = 2.144 ms,
TR = 7.185 ms, slice thickness = 2 mm, matrix = 200 × 200,
flip angle = 1◦, FOV = 120 mm × 120 mm, pixel
spacing = 0.6 mm. Image distortion caused by gradient
nonlinearities was compensated with gradient warp correction.
DICOM images were extracted and processed in MATLAB.

E. MRI Tracking Accuracy and Precision Test
The marker was placed successively at 28 positions on

a standard 16 × 16 Lego plate. The Lego plate has an 8-
mm step size and precision of 5 µm, and was fixed inside
the head coil with adhesive and aligned with MRI scanner
positioning laser. One-dimensional (1D) gradient readouts with
non-spatially-selective RF excitation [42] was employed to
retrieve MR projection signal of the marker, and additional
dephasing gradients were applied to suppress residual back-
ground signal (TR = 8.7 ms, TE = 2.04 ms, Flip Angle = 1◦,

Fig. 9. Experimental measurement and FE simulation results. (a) Global
frequency response of three markers in S12 measurement experiment.
The 1- and 2-circuit configurations act as baseline for comparison.
(b) Top-view and lateral-view induced magnetic field of our 3-circuit
marker in COMSOL, referring to the layers setting in Fig. 7. The RF
source excites the marker along the reverse direction of the Y-axis. The
warmer color refers to the higher magnetic flux density. (c) COMSOL-
based global frequency response of three markers as shown in Fig. 6.
Green and purple solid curves form the global response of our proposed
3-circuit marker, revealing a pronounced resonant strength (−25 dB) at
Larmor frequency in comparison with the right splitting peak (−70 dB).

FOV = 192 mm, Pixel spacing = 1 mm, Slice Thick-
ness = 300 mm). Thirty MR scans were conducted initially to
acquire baseline data for later comparison. MR signals were
captured with the marker moved along the X- and Z- direction
of the plate at step sizes of 8 mm. We assumed X- and Y-
coordinates share the same positional errors, as the gradient
and RF coils have principal symmetry with respect to X and Y
axes. Therefore, Y-direction data was not measured separately.

Marker accuracy and precision were evaluated with the
sub-pixel localization method [43] from scanned projection
data, in which the marker positions were calculated with
intensity linear interpolation (ILI). This method searches for
two coordinates with intensities equal to half of the peak
value along one axis initially, and calculates the marker center
coordinate through averaging.
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F. MR Imaging and Radiofrequency Safety Test

MR experiments were conducted to validate capability for
visualizing subjects and instruments in a single MRI image.
The 3D-printed MRI compatible block used in the orientation
dependency test, and an MRI-compatible needle guide [3]
(Fig. 5c) embedded with three markers were mounted on
the forehead of the subject who was scanned with supine
position. Fast gradient echo pulse sequence (TE = 2.692 ms,
TR = 5.853 ms, slice thickness = 1 mm, matrix = 256 × 256,
pixel spacing = 1 mm) was applied to retrieve MR images on
the aforesaid 1.5 T MRI scanner. Real-time localization of two
markers was also tested. We mounted the markers on a plate
which was moved/rotated by a robotic platform. The plate
motion was actuated in an arbitrary trajectory, and driven by
our developed MR-safe fluid transmission system [44]. The
aforementioned MR one-dimensional (1D) projection pulse
sequence was also employed to track the markers motion.

The tracking marker can resonate during B1 RF excitation
and cannot be switched on or off remotely; Therefore, it is
possible to induce current that can generate RF heating that
is potentially hazardous to humans. Marker temperature was
measured and logged with 2 fiber-optic fluorescent temperature
sensor system with 0.01 degree Celsius resolution (PRB-MR1
OSENSA, Canada). One sensor was affixed to a circuit’s top
surface to measure temperature directly, and another one was
affixed to the MRI scanner table as environmental temperature
reference [2], [5], [6], [30], [45]. The sensors were channeled
through the scanner room waveguide and connected to a
computer and measurement logging unit (FTX-300-LUX+,
OSENSA, Canada). To reduce thermal influence from envi-
ronment, in our test, a blanket acting as thermal insulator was
put on the whole setup. In prior to the MRI scanning, the setup
was placed still in scanner room for 15 minutes to ensure the
setup has reached steady state temperature as the room.

As the closed scanner utilizes quadrature coils, the B1
transmit field is homogeneous inside the birdcage type receive
coil [46]. In this case, the position of marker is irrelevant to the
RF heating effect. The worst-case condition can be considered
when a high RF-duty sequence was adjusted with whole-body
averaged specific absorption rate (SAR) at 2 W/kg [1], [2], [3].
The pulse sequence and parameters were used to mimic the
worst-case condition, such that the whole-body SAR of 2 W/kg
could be induced for 15 minutes. Fast-spin echo imaging
sequence (TE = 9.26 ms, TR = 500 ms, ETL = 36, slice
thickness = 20 mm, Matrix = 512 × 512, FOV = 410 mm ×

410 mm, and flip angle = 180◦) was repeated for 15 minutes
on the 1.5 T MRI scanner to induce a whole-body average
specific absorption rate (SAR) of 2 W/kg [30].

III. RESULTS AND DISCUSSIONS

A. Marker Characterization

Fig. 8 shows the marker can increase the MR signal by
about 32 and 27 times than Gd-doped water, respectively,
at FA = 1◦ and FA = 10◦. Fig. 9a displays the global
frequency response of three markers in S12 measurement,
i.e., 1-circuit, 2-circuit, and our 3-circuit marker. The 1-circuit
baseline marker (dashed blue) resonates at the eigenfrequency

( f0) of 66.3 MHz. Then, the frequency splitting is observed
on the 2-circuit baseline marker (dotted red), where the right
peak increases to 69.0 MHz ( f0 + 2.7 MHz), and the left
peak decreases to 65.8 MHz ( f0 − 0.5 MHz). Solid green
curve represents the global frequency response of our 3-circuit
marker, where the left peak reduces further to 63.8 MHz
( f0 − 2.5 MHz), and the right peak continues to rise to
71.0 MHz ( f0 + 4.7 MHz). However, the right peak’s magni-
tude (−83 dB) is significantly lower than the left (−72 dB),
which differs from these two splitting peaks observed in
2-circuit marker. It is noted that some works [47], [48] have
also shown that the resonating magnitude of two splitting
peaks may not be equal or even close. Despite the presence
of frequency splitting, the results shown in Fig. 8 have
demonstrated the successful signal increase effect of our 3-
circuit marker. Fig. 9b illustrates the magnetic flux density and
direction of magnetic lines in COMSOL. The arrows indicate
that the direction of magnetic lines, and the warmer color
around circuit 1 indicates stronger magnetic field strength. This
3D magnetic field distribution is contributed by three circuits
and their coupling effect. FEA computes three self-inductance
and six mutual inductance parameters, and expresses them as
a matrix Lm(units in µH).

Lm =

 0.8536 0.0552 0.0552
0.0552 0.8536 −0.0552
0.0552 −0.0552 0.8536

 (5)

where i and j are index of the primary circuit and secondary
circuit; Lm(i, j), i = j is the self-inductance of the i th circuit;
L M(i, j), i ̸= j is the mutual inductance between i th and
j th circuit. Three identical diagonal elements of the matrix
Lm represent the self-inductance of three uniform circuits.
Because of the spatial symmetry of our marker, the absolute
values of non-diagonal elements are identical, yielding the
matrix symmetric as in Equation (5), with plus/minus signs
to indicate the mutual coupling polarity. Fig. 9c shows the
FEA-based global frequency response of three markers, where
Y-axis represents the resonating magnitude (units in dB), and
X-axis represents the frequency (units in MHz). The dashed
and dotted lines correspond to the global frequency response
curves of the 1-circuit and 2-circuit markers, respectively,
while two solid lines represent that of our 3-circuit marker.
The green solid line denotes the left resonating mode ( f3−L),
and the purple represents the right mode ( f3−R). The 1-circuit
marker receives no coupling and resonates at the eigenfre-
quency of 67.3 MHz, which is close to the eigenfrequency
(66.3 MHz) measured in S12 experiment. However, due to
the mutual coupling of the 2 circuits, frequency splitting
phenomenon occurs on the 2-circuit marker, and two central
frequencies are derived as follows [49], [50],

f2−L × 2π
√

C × (Lm(1,1) + Lm(1,2)) = 1

f2−R × 2π
√

C × (Lm(1,1) − Lm(1,2)) = 1 (6)

where f2-L and f2-R is the 2-circuit’s left and right cen-
tral frequency, respectively; and C is the capacitance of
single circuit, with a computed value of 6.5264 pF by FEA.
The left peak at 65.2 MHz is asymmetric to the right
at 69.5 MHz, with respect to the eigenfrequency (67.3 MHz).
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Fig. 10. Coronal images of marker (a) placed at scanner isocenter,
and (b) attached onto the receive coil inner surface. Region of interest is
enclosed by a green circle, the pixels with maximum signal intensity (SI)
inside the regions are 201 and 3,729.

Fig. 11. Increased MR signal profile plot in different orientations.
Background noise is indicated with red dash lines. The change in signal
intensities is approximately the same as the effective area modelling in
Equation (4).

The profile of f2-L + f2-R highly matches the 2-circuit base-
line marker’s response curve in Fig. 9a. With the addition
of the third circuit, the mutual coupling involved in the
3-circuit marker becomes more complicated [51]. The resonant
frequencies f can be derived from Equation (7) [51], [52].

Ki j ×
√

Lm(i,i) × Lm( j, j) = Lm(i, j)

(1 − λ)3
− (1 − λ)(K 2

12 + K 2
23 + K 2

13) + 2K12 K23 K13 = 0

f ×
√

λ = f0 (7)

where Kij is the coupling coefficient between the i th and
j th circuit. The eigenvalue λ of the cubic equation usually
has three solutions, resulting in three resonant modes for a
common 3-circuit marker [52]. The solutions are (1.1293,
0.9353, 0.9353), where λ1 corresponds to the first eigenvalue
1.1293, λ2 and λ3 are identical. This provides a theoretical

Fig. 12. Sagittal, coronal, and axial gradient echo images of the marker at
low flip angle (1◦) acquired at ten different orientations using a fast spoiled
gradient-echo (FSPGR) sequence. Marker signal can be unambiguously
identified from the background at any orientation. The max. and min.
signal-to-background ratio are, respectively, around 57 and 30.

Fig. 13. Calculated marker positional error against its distance from
scanner isocenter with the ILI algorithm. A first order linear equation was
fitted with a solid line that intercepts at the zero point. The dashed lines
represent the 95% confidence interval.

explanation for why the proposed 3-circuit marker exhibits
only two resonant modes. The calculated frequency of left
mode ( f3-L) is 63.4 MHz, and the right ( f3-R) resonates
at 69.7 MHz, closely matching the global frequency response
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Fig. 14. Low flip-angle (1◦) MR scanning image with (a) region of interest
average signal intensities (SI) of highlight red region (2 pixel × 2 pixel)
indexed. The marker was affixed to a subject’s head with a 3D-printed
fixture. The average marker signal is about 18 times stronger than the
signal from brain, and about 170 times stronger than background noise.
(b) Image of the MR-compatible needle guide placed next to the head.
Three bright spots can be clearly visualized and identified from the head.

curve in S12 measurement. Thus, the FEA results accurately
quantify the coupling effect and resonating modes. Although
there are some quantitative differences due to fabrication and
assembly tolerance, FEA-based and S12 measured results
exhibit almost the same frequency shift trends and curve
profiles. Fig. 10 shows the marker signal intensities at both
scanner isocenter and receive coil inner surface. The MR
signal was increased by 18 times when marker was offset from
the isocenter to the receive coil inner surface.

B. Orientation Dependency
The spectrum of the marker signal in X’-, Y’-, and

Z’-direction is shown in Fig. 11. The trend of signal change
is similar to that obtained with the effective surface modeling
shown in (4). The initial signal-to-background ratio is ∼57.
Although the marker signal drops when the rotational angle
around X’-, and Z’- directions increases, the signal remains
bright and can be unambiguously identified from the back-
ground, as shown in Fig. 12. When θX and θY equal 90◦, the
ratio drops to ∼30.

C. Tracking Accuracy and Precision

MR images with the highest peak-to-noise ratio were used
for marker tracking performance analysis. Intensity linear

Fig. 15. (a) 1-D projection signal (in X direction) taken from two
markers at two different time points. Each peak corresponds to a marker.
(b) Continuously projected signal of two markers acquired at 83.3 Hz.
The SNR is sufficiently high so that two signal points within −128 mm to
+128 mm (with the resolution of 1 mm) can be contrasted and observed
at each time stamp.

interpolation algorithm was used to compute the marker posi-
tion to evaluate its precision. The marker enabled positional
localization with a standard deviation of 0.1 mm. Accuracy
performance is plotted in Fig. 13, showing the relationship
of the 3D positional error against the marker position from
the isocenter. A first order linear equation y = 0.01 · x can be
used to approximate the relationship. Although most positional
data fall within 95% confidence level, outlier can be observed
and explained by the spatial accuracy of MRI, which has
a 1-pixel variance [53]. The 1-pixel variance will lead to 1 mm
deviation as the pixel spacing is 1 mm / pixel in current
tracking pulse sequence. The 3D positional error increases
with further distance from isocenter, which can be explained
by multiple (combined) factors, such as MRI scanner B0
magnetic field inhomogeneity, gradient field nonlinearity, and
magnetic susceptibility of the scanned object [54], [55]. The
tracking accuracy is comparable to the prior works [7], [32].

D. MR Imaging and Radiofrequency Safety

MR imaging experiments by affixing a tracking marker
on a subject’s head with a 3D-printed block, and placing
a MR-compatible needle guide with 3 markers are shown
in Fig. 14a-b. The performance plots demonstrate that the
signal level from the marker is much higher than the noise
from both the head and background (SNR > 18), implying the
marker can be easily visualized or tracked both visually and
with computer algorithm. One-dimensional (1D) projection
readouts from two markers with low flip angle (FA = 1) RF
excitation at two timestamps (4.6s, 8.2s) are shown in Fig. 15a.
Markers’ trajectories projected to the X-axis continuously are
shown in Fig. 15b. MR signals projected from the markers can
be contrasted from the background signal at each time stamp
at a rate of 83.3 Hz.
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Fig. 16. (a) One fiber-optic fluorescent temperature sensor was affixed
to the marker surface. Another temperature sensor was attached to the
scanner table as temperature reference. (b) FSE scan applied on the
temperature measurement setup for more than 15 min. The temperature
was being varied within the range of 0.2 ◦C.

The temperature measurement setup for the RF safety test
is shown in Fig. 16a. The recorded maximum change in
temperature was less than 0.2 ◦C as shown in Fig. 16b. The
heat generated (within 1 ◦C) is comparable to the prior design
of wireless solenoid marker [6]. Before applications of using
the marker in contact with the body tissues, it is recommended
that additional tests be conducted to identify the potential
presence of electrical field hotspots on the marker surface,
so as to avoid harmful temperature increases in nearby tissues.

IV. CONCLUSION AND FUTURE WORK

This study presents the design, fabrication, and evaluation
of a novel MR-based omnidirectional positional marker. The
marker’s signal can be depicted as a bright spot in any
orientation. Although the marker signal was observed to drop
by 50% in 2 rotational directions, the signal-to-noise-ratio
is still high (>30) which was easily identifiable against the
background. Note that the marker has low sensitivity regarding
change in B1 frequency, slice position and field inhomogeneity.
The marker sensitivity with respect to the B1 frequency change
is proportional to its quality factor, which is defined by the
ratio of center frequency to 3-dB Bandwidth (63.87/22 =

2.9 MHz in our case, as marker has a quality factor of ∼22).
Therefore, the sensitivity will reduce by half only if B1
frequency is shifted substantially by 1.5 MHz (half of 2.9MHz)
from 63.87 MHz. Note that the marker sensitivity does not
change with respect to slice position as non-selective RF-pulse
was utilized. Regarding the effect of field inhomogeneity to the
marker intensity, as even 10-ppm field inhomogeneity could
only lead to a frequency difference of 638 Hz, which is much
lower than the 2.9 MHz bandwidth; therefore, it has negligible
effect to the marker intensity.

Our studies have shown that the novel curved marker can
provide promising MR-tracking with high quality factor and
small form factor. The marker was easy to fabricate and
deploy on cylindrical objects (e.g., catheter [56]) comparing
to conventional manual wounded markers. The small size
and wireless features of the marker simplifies its imple-
mentation in different applications. The marker requires no
electrical connection or hardware modification to the MRI
scanner, thus reducing the barrier for inclusion in both clinical
and engineering workflow. The marker is well suited for
wireless positional tracking and image-guided interventional
procedures. One current limitation is that the marker can
only provide omnidirectional tracking and visualization under

closed MRI with a circularly polarized (CP) field, but not for
open MRI scanners with linearly polarized B1 field oriented
along the cylinder axis. We also plan to investigate if this
proposed circuit design can be extended to incorporate on
a spherical surface, so as to enable omnidirectional tracking
even under open MRI. Future work of the marker will also
involve enhancement of the design and fabrication method,
improving the consistency of three circuit units, such that the
marker can achieve resonance closer to the Larmor frequency.
By adopting a multiple layer (i.e., ≥ 4) design, it is possible
to further miniaturize the total marker footprint. Tracking
pulse sequence can also be optimized to reduce the impact of
MRI spatial accuracy to marker tracking performance, such
as pixel spacing reduction. B1 map analysis will be conducted
to investigate and quantify the presence and spatial extent of
deformation in B1 field outside the marker which could be
detrimental for imaging nearby tissues. We will follow ASTM
F2182-09 protocol [57] by adding the saline phantom, and
temperature measurement at multiple points, more numbers of
fiber-optic probes will be required to measure the temperatures
simultaneously in real time.
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