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Abstract
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Minimally-invasive and biocompatible implantable bioelectronic circuits are used for long-term monitoring of physiological

processes in the body. However, there is a lack of methods that can cheaply and conveniently image the device within the

body while simultaneously extracting sensor information. Magnetic Particle Imaging (MPI) with zero background signal, high

contrast, and high sensitivity with quantitative images is ideal for this challenge because the magnetic signal is not absorbed

with increasing tissue depth and incurs no radiation dose. We show how to easily modify common implantable devices to

be imaged by MPI by encapsulating and magnetically-coupling magnetic nanoparticles (SPIOs) to the device circuit. These

modified implantable devices not only provide spatial information via MPI, but also couple to our handheld MPI reader to

transmit sensor information by modulating harmonic signals from magnetic nanoparticles via switching or frequency-shifting

with resistive or capacitive sensors. This paper provides proof-of-concept of an optimized MPI imaging technique for implantable

devices to extract spatial information as well as other information transmitted by the implanted circuit (such as biosensing)

via encoding in the magnetic particle spectrum. The 4D images present 3D position and a changing color tone in response to a

variable biometric. Biophysical sensing via bioelectronic circuits that take advantage of the unique imaging properties of MPI

may enable a wide range of minimally invasive applications in biomedicine and diagnosis.
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A Magnetic Particle Imaging Approach for
Minimally Invasive Imaging and Sensing with

Implantable Bioelectronic Circuits
Zhiwei Tay, Han-Joon Kim, John S. Ho, and Malini Olivo

Abstract— Minimally-invasive and biocompatible im-
plantable bioelectronic circuits are used for long-term mon-
itoring of physiological processes in the body. However,
there is a lack of methods that can cheaply and conve-
niently image the device within the body while simulta-
neously extracting sensor information. Magnetic Particle
Imaging (MPI) with zero background signal, high contrast,
and high sensitivity with quantitative images is ideal for this
challenge because the magnetic signal is not absorbed with
increasing tissue depth and incurs no radiation dose. We
show how to easily modify common implantable devices
to be imaged by MPI by encapsulating and magnetically-
coupling magnetic nanoparticles (SPIOs) to the device cir-
cuit. These modified implantable devices not only provide
spatial information via MPI, but also couple to our handheld
MPI reader to transmit sensor information by modulating
harmonic signals from magnetic nanoparticles via switch-
ing or frequency-shifting with resistive or capacitive sen-
sors. This paper provides proof-of-concept of an optimized
MPI imaging technique for implantable devices to extract
spatial information as well as other information transmitted
by the implanted circuit (such as biosensing) via encoding
in the magnetic particle spectrum. The 4D images present
3D position and a changing color tone in response to a
variable biometric. Biophysical sensing via bioelectronic
circuits that take advantage of the unique imaging proper-
ties of MPI may enable a wide range of minimally invasive
applications in biomedicine and diagnosis.

Index Terms— Magnetic Particle Imaging, Implantable
Device, Wireless, Bioelectronic Circuits, Reconstruction.
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I. INTRODUCTION

MAGNETIC Particle Imaging (MPI) is a nascent imag-
ing modality [1], [2] that directly detects and images

magnetic nanoparticles. These may be used within a living
subject and safely imaged by MPI to obtain biodistribution
data. Because it only detects nanoparticles it benefits from
tracer-like contrast with nanomolar sensitivity [3], [4], is
linearly quantitative with nanoparticle mass [5], suffers no
signal attenuation by tissue thickness, and has zero ionizing
radiation dose due to its typical superparamagnetic iron oxide
(SPIO) imaging agent [6], [7]. Some important applications of
MPI include stem cell tracking [5], cancer imaging [8], acute
gut bleed detection [9],lung imaging [10], [11] and stroke and
brain imaging [12], [13]. Other examples are cardiovascular
imaging [14], real-time surgical instrument steering [15]. and
image-guided hyperthermia-therapy [16], [17].

Advances in miniaturization of circuit components and
biocompatible coatings have made implantable sensor circuits
possible in recent years. Such circuits have been used for a
myriad of applications from detecting wound dehiscence in in-
ternal sutures used for anastomotic procedures [18] to glucose
monitoring in deep tissue spaces [19], [20]. The advantage of
these microdevices over contrast agent-based biosensors is the
much higher sensitivity, wider range of possible sensing tar-
gets, and long-term durability and persistence deep within the
human body. On the other hand, contrast agent methods tend
to have limitations in what metrics they can sense and have
much shorter in vivo lifespans if biodegradable. One of the
key challenges in ultrasmall deep tissue implants is providing
external power to them since onboard battery powering proves
to be extremely bulky. Both near and far-field approaches
have been developed with varying success. Transmission of
the collected sensor data to an external receiver using minimal
power is another challenge [21].

In view of the above challenges, non-invasive imaging
modalities would be a compelling candidate because they are
already designed to probe and extract information at deep
tissue spaces. Therefore we sought to adapt the deep tissue
implant into an imaging agent with the sensor information
encoded into the imaging signal. With this strategy, it is
possible to harness the imaging mechanism to both power the
implant as well as well enable transmission of information
outwards without the need for any onboard batteries. In addi-
tion, imaging methods offer (1) deeper operational range than
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Fig. 1. MPI in conjunction with SPIO-nanoparticle-embedded implantable bioelectronic circuits as a new class of probes for functional
MPI measurements. For brevity, we will abbreviate these devices as NPIC (NanoParticle Implantable Circuits) (left) As a new magnetic
imaging modality working on different principles from MRI, MPI enables high-sensitivity imaging of implanted probes at-depth in vivo while
optical-based probes have to contend with blurring from scatter and significant attenuation with tissue depth. Unlike MRI, MPI provides hotspot
imaging where the location of the implanted probe is clearly visible and any modulation of the probe signal can be directly measured because
there is no MRI background signal that may mask the probe signal. In contrast, SPIO hypointense spots in MRI have poor contrast when
located in already hypointense regions of background tissue. Representative images of MPI, optical and MRI are shown here to illustrate these
contrasting characteristics. (right) Without input to the sensor, the NPIC circuit is in its tuned or closed-circuit state. Inductive coupling between
the MPI scanner’s main excitation transmit coil operating at f0 and the implanted microcircuit coil (top right) electromagnetically shields the SPIO
nanoparticle from MPI excitation, suppressing the received MPI signal. On the other hand, input to the sensor detunes, breaks, or adds resistance
into the NPIC circuit, reducing the shielding effect of the circuit on the SPIOs and thereby enhancing the received MPI signal. Conveniently, this
implies that the MPI probes only ‘light up’ when the sensor detects an abnormal state, making it useful in massed arrays of implantables where the
clinician can quickly focus on areas where probes light up (indicates abnormal biological state).

existing near-field powering strategies, (2) provision of spatial
information for a distributed array of identical implanted
sensors where frequency-based barcoding may not be ideal
and finally (3) spatial tracking of mobile implanted circuits
such as wireless untethered microrobots in the gastrointestinal
tract, lung or vascular system.

The use of imaging methods for microimplants is not
entirely new. Recent work by the Jasanoff lab at MIT has
shown the potential of using implantable bioelectronics circuits
in tandem with existing imaging methods [22]. Their study
focused on a magnetic resonance imaging (MRI) approach,
where they demonstrated modulation of the local MRI signal
in response to electrical or photonic cues. In another study,
sensor-equipped steerable microrobots was shown where the
sensor detuning modulates its hyperintensity in the MRI im-
age [23]. In addition, passive and active catheter circuits have
been proposed for MRI-based interventional imaging. Susil et
al. demonstrated a two-wire electrophysiology (EP) catheter
that simultaneously records the intracardiac electrogram and
receives the MR signal for active catheter tracking [24]. Bilgin
et al. developed a MRI-tuned self-resonating RF microcircuit
for in situ temperature sensing during interventional MRI. The

sensor has a hyperintense signal in MR images that attenuates
with increasing local temperature [25]. Besides MRI, X-ray
compatible sensors have also been investigated in prior work
on implantable x-ray-based blood pressure microsensor for
coronary stent monitoring [26] and X-ray visualized sensors
detecting infection within the peritoneal dialysis catheter [27].

These existing modalities described above each have their
limitations. Optical methods only work well for shallow im-
plants while MRI methods heavily rely on device contrast
with the tissue background and may experience susceptibility
artefacts in the MRI image due to the device. Ultrasound
methods face challenges in coupling existing sensors to a
change in acoustic index as well as the inability to be placed
in acoustically-shadowed body regions. MPI, in contrast, suf-
fers no such limitation as magnetic fields penetrate deeply
and uniformly through air, bone, and tissue; working well
in lungs [11] and the gastrointestinal tract [9]. It also has
tracer-like contrast and produces the same signal regardless of
tissue background. However, to-date, no study has investigated
the potential of MPI for minimally invasive imaging and
communication with implantable bioelectronic circuits.

In this work, we demonstrate that MPI has the potential



TAY et al.: A MPI APPROACH FOR MINIMALLY INVASIVE IMAGING AND SENSING WITH IMPLANTABLE BIOELECTRONIC CIRCUITS 3

Fig. 2. Strategies to couple the MPI signal to bioelectronic circuit
readout. Strategy 1 is to use variable resistors sensitive to biological
readouts such as pH and temperature can modulate the amount of
shielding the SPIOs in the NPIC receive from the MPI drive field and
therefore modulate the MPI signal from a known amount of SPIOs in
the device. Strategy 2 is to use tuned resonant circuits with variable
capacitors sensitive to biological readouts such as strain can modulate
the local MPI f0 excitation via tuned resonance to increase the magnetic
field on the SPIOs locally. In the case of a full rupture leading to an open-
circuit, there will be zero modulation of ‘felt’ drive field by the SPIO which
can be clearly distinguished from tuned and de-tuned cases.

to provide spatial information as well as transmit sensor
information encoded within the magnetic particle spectrum
which we can display as an image color tone (i.e. red for high
temperature, blue for low temperature), as shown in Fig. 1.
Furthermore, we elaborate on how we modify the MPI imaging
approach to enable implanted circuits to encode information
into the imaging signal. In particular, unlike MRI or radiation-
based modalities, we demonstrate a handheld MPI imaging
probe that has the potential to be cheaper or smaller-sized as
it does not utilize expensive cryogens like MRI nor radiation
shielding like Computerized Tomography (CT) or X-ray [28].
This zero-radiation-dose, handheld imaging probe is especially
suitable for frequent monitoring of the implanted sensor.

This study will be relevant to MPI systems designers as well
as implantable sensor designers to develop improved sensor
strategies to advance the capabilities of both bioelectronic
sensings as well as the expanding application scope of the
new imaging modality MPI.

II. THEORY

The general working theory of MPI has been extensively
detailed in prior work [1], [29], [30]. To briefly introduce
MPI’s working principles, MPI utilizes a low frequency (1–
45 kHz) drive field combined with strong electromagnetic
gradient coils in the background to produce a sensitive low-
field region surrounding a null point in the middle of a
strong (> 1 T/m) magnetic field gradient. The null point is
rastered [30] around the field-of-view or moved in a Lissajous
trajectory [1], producing a nonlinear magnetization response
at harmonics of the drive carrier frequency as MPI signal
from the SPIO nanoparticles when it passes through them.
These higher harmonics of the MPI signal are recorded and
reconstructed by system matrix or x-space methods into a 3D
MPI image that quantitatively shows the spatial distribution of
SPIO nanoparticles in the field-of-view (FOV).

A. Coupling of MPI signal to bioelectronic circuit signal
readout

The MPI signal from the SPIO nanoparticles can be mod-
ulated by the circuit sensor via several avenues such as (1)
change in excitation amplitude and (2) change in excitation
frequency.

We will focus on the first avenue in this work. There are
two strategies illustrated in Fig. 2 to achieve the requisite
(1) change in excitation amplitude. The bioelectronic circuit
can modulate the incoming excitation (drive) magnetic field
from MPI scanner through an inductive shielding mechanism
where the strength of the shielding can be modulated by a
variable resistor in series with the inductive shield wrapped
around the SPIO nanoparticle capsule. The second strategy,
a resonant approach, would also be viable as MPI uses a
monotonal excitation of the SPIO nanoparticles, and thus the
mechanism would rely on shifting the resonant circuit off-
resonance to reduce the amount of current flowing and thereby
the shielding. This resonant approach will typically increase,
rather than reduce the incoming magnetic excitation from the
MPI scanner, in a mechanism not unlike resonant inductive
coupling. This increases the generated magnetic flux in the
secondary coils (the implanted bioelectronic resonant circuit)
if it is on-resonant and is strongly modulated by shifting
the circuit off-resonance which will dramatically decrease the
power transferred and thus the local magnetic flux felt by the
SPIO nanoparticles.

B. 3D imaging theory for non-rotating external MPI
reader (FFL) to extract both position and sensor-readout
information

In the field of implanted sensors, data transmission typi-
cally involves the use of a small external reader device that
communicates with the implant at near or mid-field. As such,
although our proof-of-concept implies that our sensors could
be useable by any MPI scanner design (regular inner-bore
like MRI, newer open-bore or single-sided designs, etc.), we
sought to modify the MPI imaging setup to be more similar
to the small external reader context widely used for implanted
devices (Fig. 3). While a handheld reader setup will have
poorer sensitivity and resolution than the existing larger and
more complex MPI scanner designs [34]–[36], we leverage
the benefits of being able to have a high concentration of
SPIOs within the implanted device remaining undiluted in
vivo unlike typical blood volume MPI applications, effectively
giving us ideal imaging point sources to compensate for the
lower performance of reader device. It must be noted that
at extremely high concentrations, some nanoparticles such
as ResovistTM have been shown to deviate from linearity
of signal with tracer mass due to interparticle dipole-dipole
interactions beyond a threshold concentration [37]. As such,
for our proposed NPIC devices, it is important to ensure that
all implanted devices have the same concentration of tracer.
We verify this with a baseline calibration of the nanoparticle
signal from each device with the shielding turned off such that
the equality of signal across all devices can be assured.
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Fig. 3. MPI system and NPIC design and performance. (a) Illustration of the MPI imaging setup of the implanted NPIC sensor within the body.
The MPI transmitter sends a low-frequency alternating magnetic field and detects the nanoparticle magnetization response as a magnetic harmonic
spectrum modulated by the microcircuit sensors. (b) Photograph of the MPI system based on prior validated MPI system [31]–[33] core transmitter
and receiver with the addition of external permanent magnet array for generation of a selection field with a field-free-line geometry. (c) Photograph of
the implantable circuit which is an air-core solenoid filled with MNPs connected to R and/or C components on a microcircuit chip. (d) Contour heat
map of MPI sensitivity with silhouette of human profile overlaid, with black set to the value of noise floor to delineate undetectable regions. Sensitivity
is higher than typical in vivo MPI because the entire SPIO dose is concentrated within a small point source (implanted device). (e) Imaging system
sensitivity with depth shows the noise floor is reached at 9 cm through tissue where both 3rd and 5th harmonic are just above the noise floor. Two
detectable harmonics are needed to provide at least one harmonic ratio to reconstruct for both the imaging X, Y , Z coordinates (from a priori
known-SPIO-mass) and the ‘color’ information resulting from activity of the sensor circuit on the nanoparticles. Since additional dynamic range is
needed for shielding-based ‘encoding’, 7 cm is the more conservative depth-limit to provide this buffer.

The MPI imaging setup used in this study differs from
existing single-sided MPI devices [35] and seeks to tailor the
imaging to fixed point sources for 4D imaging (3D position
+ harmonic-based ‘color’ dimension). Generally, the setup is
based on a Z-oriented FFL selection field geometry projected
from the external reader device into the living subject lying
supine in the XY plane (Fig. 3a). At this point, a two-
dimensional projection scan can be achieved by simple XY
(mechanical) translation of the FFL across the FOV. In order to
acquire the Z−coordinate information without having to rotate
the MPI scanner or imaged subject through a large number of
angles as per standard projection MPI utilizing reconstruction
from-projection-angles, our strategy is to harness priors such
as the known mass of implanted SPIO and the fact that the
drive field weakens with Z−depth. This is highlighted in
Fig. 3e, where the signal intensity of higher harmonics (7th
harmonic) decreases faster with distance from MPI scanner
compared to lower harmonics (3rd harmonic) because the
SPIO experiences a drop-off of drive field strength with
distance. This results in a predictable change in the ratio of
higher-to-lower harmonics with Z−depth. Thus, we harness
this to reconstruct the Z−coordinate to obtain the 3D position
of our “point sources” in the MPI image.

However, a more complex reconstruction has to be consid-
ered to decouple Z-coordinate encoding from sensor encoding
since the implanted circuit encodes sensor info via modulating
the incoming drive field locally through a small shielding
coil or resonant coil around the SPIO point source. First,
considering real-life applications, we assume it is reasonable
that there is a finite number of devices where there exists a
projection XY plane angle such that there is only one device

per Z-line (see Fig. 4). The problem then regresses to the
simultaneously solving for both the Z-position and sensor
readout r value of a single device. Note that r couples to a
shielding or resonant factor affecting the SPIOs via a calibrated
function S(r).

Overall, the image reconstruction workflow proceeds as per
the following stages: 1) XY-reconstruction, first pass MPI:
2D projection image with FFL along the z-axis
Since the 2D image reconstruction proceeds as per projection
x-space MPI reconstruction, the relevant imaging equation
for MPI signal s(xs(t)) is similar to Goodwill et al. [38] as
follows:

s(xs(t)) = B(z) ·mρ2(x) ∗ ∗L̇(kGx) · (H0ω0)

Hsat

∣∣∣∣
x=xs(t)

(1)

where xs(t) is the instantaneous position of the FFL in the
X,Y coordinates, B(z) [T/A] is the sensitivity value of the
MPI receiver coil along the FFL. Since the FFL and MPI
receiver coil are moved together mechanically as shown in
Figure 3a, the only sensitivity variation is in z due to drop-
off by distance in z away from the coil. m[Am−2] is the
nanoparticle magnetic moment, and L̇(kGx) represents the
first derivative of the Langevin function without consideration
of velocity of the FFL unlike typical x-space theory because
the drive excitation is along the FFL-axis aligned to the
z−axis. The FFL only moves sideways in x − y directions,
hence the term on the right of the convolution operator is just
a calibrated 2D point-spread-function based on the parameters
of nanoparticle characteristics k, gradient field G [T/m], and
a fixed drive field amplitude H0 and drive field frequency ω0

normalized to the saturation field of the SPIO, Hsat. Lastly,
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Fig. 4. MPI imaging methodology and performance using layers of meat with implanted devices as a tissue phantom (a) Photo and
illustration of imaging phantom setup. Upon detection of multiple implants in the same Z-line, the FFL was angled to an appropriate projection
plane where there is only one implant per Z-line as required by theory for the reconstruction of both 3D location and NPIC sensor value. (b)
Standard projection MPI image with the red FFL orientation illustrated in panel a, with a resolution of about 5 mm at 2.8 T/m gradient which is
sufficient for implants measuring about 5–7 mm in the longest dimension. In this event of multiple implants within the same Z-line. The projection
axis of imaging was angled thereafter to purple FFL orientation, enabling 3D reconstruction in panel c. (c) Recovery of depth information from higher
harmonics and reconstructed 3D location of each NPIC utilizing powerful priors such as known total number of NPIC and fixed (known, calibrated)
iron mass per NPIC. Since every NPIC has the same SPIO mass, there is no need to display concentration information, unlike a standard MPI scan.
(d) Recovery of sensor information from the MPI signal as detailed in our reconstruction algorithm in the theory/methods section. The information,
for example, temperature, can be represented as a color map as shown.

ρ2(x) is the projection of the nanoparticle density along the
FFL (aligned to z) which can be expressed as an integral of
the 3D nanoparticle density in z.

ρ2(x, y) =

∫
ρ(x, y, z)dz (2)

1b) Adjust the angle of the XY imaging plane to ensure a
maximum of one NPIC per pixel and repeat step 1.
Since n, the total number of implanted NPIC, is known, the
algorithm checks at a coarse resolution if the count of pixels
above a threshold intensity value α, is equal to n:

N∑
i=1

s(xi) > α

|s(xi)|
←→ n (3)

2) Calculating z-coordinate of the sole NPIC in pixel:
Obtain ‘felt’ H-field
With [X,Y] coordinates of each NPIC obtained, the recon-
struction now switches to a 1D calculation of the z-coordinate
only for pixels with NPIC present. We assume non-interacting
SPIOs, zero background field since the SPIO is within the
FFL, and adiabatic response due to the low drive frequency
of 1 kHz. Then, it is true that regardless of the nanoparticle
density ρ(z), the ratio of the 5th and 3rd higher harmonics
(A5/A3) for a calibrated particle type k is then solely a
function of the final effective drive field Heff ‘felt’ by the
nanoparticles (Heff will encompass within it the factors of
NPIC shielding and drive field weakening with z−depth).

R5th/3rd =
A5

A3
= fk(Heff) (4)

As seen in Fig. 5 panel 2, the function fk is a well-behaved
monotonically increasing function for non-zero values of Heff

and thus invertible for NPICs within the FOV (since shielding
is never 100% and the drop-off of Heff within a 7 cm depth is
finite). As such, by measuring (A5/A3) of the MPI signal it
is possible to calculate Heff by taking the inverse of function
fk.

3) Calculating z-coordinate of the sole NPIC in pixel:
Obtain z-coordinate from receive coil sensitivity drop-off
with z-distance
NPICs have the SPIOs sealed off from the in vivo environment
and the SPIOs only interact magnetically with MPI scanner
and the sensor circuit. Thus, NPICs have a fixed and known
nanoparticle density ρ(z). Since the NPIC is now located
along the axis of the FFL(z) and the drive field axis is
along the FFL, this is a ‘zero-dimensional’ MPS measurement
with background gradient field strength value H = 0. Thus,
Equation 1 reduces to:

s(z) = B(z) ·m ·N ·
(
dL(kH)

dH
· Heffω0

Hsat

)∣∣∣∣
H=0

(5)

The MPS signal intensity s(z) is thus a function of receiver
sensitivity map B(z) along the z−aligned FFL since the
nanoparticle constant k, nanoparticle amount N [mol], ‘felt’
drive field terms in the large brackets are known. This shows
that with a calibrated B(z), the NPIC z−coordinate can
be found by solving for z. The net effect of the drop-off
of receiver sensitivity B(z) and drive field amplitude with
increasing z (distance of SPIO from single-sided transmitter
and receiver) is plotted in Fig. 3e, and shows a maximum
operating depth of 7 cm. Beyond this value the drive
amplitude and receiver sensitivity of current device is too low
to record the requisite signal higher harmonics.

4) Assessing the impact of NPIC sensor on SPIO i.e.
shielding factor and obtaining the NPIC sensor readout
value from the MPI signal
At this point, the 3D coordinate of the NPIC has been obtained
with the [X,Y] coordinates from Equation 1 and 2, and the z
coordinate from Equation 5. The last unknown is the sensor
readout value (r) which is a parameter of the shielding factor
(S) on the SPIOs within it. The FFL is fixed to be along drive
coil axis and moved with drive coil to sweep the FOV. Thus
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Fig. 5. Reconstruction workflow illustrated to show how the end product of a 3D volume with 4th dimension of sensor value is obtained
starting from a standard MPI 2D projection scan. At the start, a first-pass MPI 2D recon is performed with a Z-projection and translation of
the scanner device covering the entire XY plane, where each individual NPIC device is isolated as a single point source within its own unique
regions-of-interest (ROI) to ensure no partial volume in the MPI spectral information. This concept is similar to MRI chemical shift imaging (CSI)
which shifts to larger voxels than MRI anatomic scans but has all the spectral information within the voxel. In the second step, we focus on f5/f3

harmonic ratios which only depend on the effective applied field Heff felt by SPIOs within the NPIC and are independent of SPIO distance from
receiver coil (note: distance from transmit coil is accounted for by the Heff value). Using the measured harmonic ratio value within the ROI, Heff

is back-calculated using pre-calibrated datasets since the SPIO concentration and Fe mass within each NPIC is fixed, equal and known. The third
step obtains the z-coordinate or depth value of each NPIC using the measured f5 value cross-referenced to expected f5 values for the known
SPIO concentration at calibrated Heff . Any offset is due to sensitivity variations caused by the receiver’s sensitivity mapping with depth, which
gives us the depth value. The final step obtains the impact of the NPIC on the SPIO signal such as the strength of the NPIC shielding by comparing
the measured Heff against the expected Heff as calibrated from the transmit sensitivity map with depth. From the circuit design, the strength of
shielding corresponds to an NPIC sensor value which is then back-calculated and plotted as a color map on the final 3D location image of the array
of NPICs in vivo.

for signal-producing nanoparticles positioned along the drive
coil axis in z, the final effective drive field in z−direction,
Heff ‘felt’ by the nanoparticles from a single drive coil of
radius R and amplitude H0 at z = 0 is:

Heff = S(r) ·H0 ·
(

R3

(z2 +R2)3/2

)
[S ∈ (0, 1)] (6)

where S(r) is the shielding factor between 0 to 1, and the
bracketed term is the drop-off of drive field amplitude with
depth in z. Note that for actual drive coils with multiple
loops the distance drop-off term in large brackets will be a
summation term of individual loops and can be solved by
numerical method. For resonance-based setups, the S(r) value
can be larger than 1.

To complete the reconstruction for the last unknown S(r), it
can be solved for by substituting the known Heff and the NPIC
z−coordinate obtained from Step 3 and Step 4. The function
S(r) varies depending on the sensor but it is a monotonic well-
behaved function that is generally represented by the curve
shape in Fig. 8c and 8f, and thus the sensor readout value (r)
can be obtained by taking the inverse function of S(r).

III. METHODS

A. Magnetic Particle Imaging Device
The MPI measurements in this study were collected from

an adapted design of the Berkeley Arbitrary Waveform Re-
laxometer, which has been modified to image for objects
outside of it (compared to typical usage of inserting sample
into the bore). This relaxometer design has been validated in
prior work [31]–[33]. This is in conjunction with mechanical
2D motion and a permanent magnet array to establish the
selection field, enabling imaging through the 2D translation

of the relaxometer body across a transparent stage platform
(thin acrylic plate) that encompasses a 20 cm long × 10 cm
wide × 10 cm deep imaging field-of-view.

B. MPI Scanning Workflow
The image reconstruction steps are detailed mathematically

in the Theory section. For the actual implementation of the
scan process, an ‘X − Y ’ plane tilted at appropriate angle-
to-the-vertical Z−axis is first selected. This is implemented
with a thin, transparent and rigid acrylic plate with length and
width dimensions of the 2D Field-of-view that is placed and
secured (angle and position) on the imaging subject. This angle
may be adjusted once or twice if the first MPI scan shows
overlapping NPICs in the FFL projection axis. The acrylic
plate angle relative to gravitational vertical was measured by
a 2-Axis Vertical Precision digital spirit level (Digi-Pas DWL-
1900XY). Since the flat receiver end of the MPI device is
flush with the acrylic plate and translates smoothly across
its surface, it ensures that the MPI device (and FFL) axis
is always perpendicular to the plate and ensures a constant
FFL axis angle with the gravitational vertical. A single-
angle projection x-space MPI scan [38] is then performed
by mechanically rastering/sliding the entire MPI FFL device
comprising selection field and drive/receive coils across the
acrylic plate.

Once the imaging data is acquired, the reconstruction algo-
rithm proceeds as described in the Theory section. As our re-
construction method does not depend on reconstruction-from-
projections unlike typical MPI FFL projection reconstruction
methods, we simply define the tilted (corrected) angle as
the new reference X-Y plane and reconstruct the 3D volume
with the same method used when there is zero tilt. Once 3D
coordinates of the implanted devices are obtained for the tilted
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reference plane, a coordinate transform step is performed to
shift them to a coordinate reference with z as the gravitational
vertical axis. In the case of a patient subject, the patient’s body
axes is also appropriately aligned to gravitational vertical axis
such that the transformed 3D MPI image can be accurately
superimposed on the patient body outline or MRI/CT anatomic
scan.

C. Magnetic Nanoparticles (MNPs)
PerimagTM plain SPIO nanoparticles of 130 nm diameter

(Micromod Partikeltechnologie GmbH, Rostock, Germany)
were used in the devices. These are multi-core cluster-type
particles with 70%(w/w) iron oxide in a matrix of cross-
linked dextran. The nanoparticles were embedded within the
implantable circuit at stock concentration of 25 mg/mL with
about 10 µL volume. Details regarding the performance
and characterization of PerimagTM are detailed in prior MPI
work [11].

D. Implantable Circuits
The circuit consists a basic LC resonator with a serially

connected sensor or switching circuit. We wound an inductor
of AWG 33 copper wires on a medical-grade silicone catheter
tube. Both ends of an inductor are connected on a millimeter-
scale flexible printed circuit board with capacitors and sensors
(Fig. 7c). The entire implantable circuit surrounds a hol-
low, liquid-containing medical-grade silicon catheter tube that
is fully sealed-off with biocompatible polydimethylsiloxane
(PDMS). A concentrated amount of SPIO nanoparticles (or
non-SPIO MNPs) can be injected into the region and sealed.
Similar to most other implantable sensors/electronics [39]–
[41], the device is not designed to biodegrade. Due to the long
in vivo stability of the PDMS sealant, the MNP liquid is com-
pletely closed-off from the outside and a stable concentration
can be maintained. In addition, based on our previous work
with similar construction [42], [43], the device and MNPs are
expected to be stable for months in vivo. For sensors, we used
a chip NTC thermistor (NTCG 1608, TDK corporation, Japan)
and thin-film resistive pressure sensor (SEN0295, DFRobot).

IV. RESULTS

A. Handheld MPI reader is able to obtain harmonic
information at-depth through layers of meat tissue

Our measurements of device sensitivity with the setup
illustrated in Fig. 3 show sufficient sensitivity up to 7 cm in
depth. Because at least two harmonics need to be detected for
our reconstruction, we are unable to utilize data when the 5th
harmonic approaches the noise floor as a result of decreasing
drive amplitude and receiver sensitivity both of which fall-
off with distance from our handheld device. However, the
sensitivity map of our current MPI receiver overlaid on a
human side profile suggests that implanted sensor devices
within a human such as those in the gut should still be
detectable by a handheld reader if implanted within 7 cm
of the front or back of the torso (Fig. 3d). Here, we have
assumed a regular human male (70 kg) side profile with a torso

thickness of 20 cm for our initial proof-of-concept. Further
improvements in the depth sensitivity of the receiver is needed
to accommodate larger human subjects. Although our portable
device is less sensitive in absolute terms than existing large-
scale MPI systems, we leverage the ability to utilize highly-
concentrated (25 mg/ml) nanoparticle dose concentrated into
a tight point source inside the NPIC. These act like ideal point
sources and therefore can still be detected even with the drop
in sensitivity with depth.

B. MPI imparts 3D spatial encoding to implanted circuits
via onboard SPIO nanoparticles while simultaneously
extracting sensor information

Conventional near-field methods to wirelessly communicate
with implanted circuits do not allow for imaging due to
the wide sensitivity region of the reader and lack of spa-
tial encoding. The results in Fig. 4 show that MPI is able
to image the SPIO capsules within the implantable circuits
and provide spatial encoding. Since the dimensions of each
implanted device are a few mm across, it is reasonable to use
a device spacing of about 1 cm as used in our demonstration.
From a workflow perspective, we also demonstrate how to
utilize information from the initial 2D projection scan and
the known number of devices put into the FOV. It must be
noted that each device is effectively an equal point source
to one another due to the same dimensions and the same
mass of SPIO inside. It is thus possible to robustly detect
the case of multiple devices within the same Z−line (point
sources counted in 2D projection image number is less than
known implant count). This allows the user to select another
imaging angle to ensure only one device per Z−line which is
required for our reconstruction as explained in Theory Section
2D. Datasets of pre-calibrated measurements of transmit and
receive sensitivity maps as well as harmonic ratios of the
known SPIO masses within the device were fed into our
new reconstruction algorithm illustrated in Fig. 5. From the
imaging acquisition data, we were then able to successfully
obtain both the 3D position as well as the sensor information
as the fourth ‘color’ dimension.

C. An electromagnetic shielding approach is an effective
way to couple biosensing readout to MPI signal

Fig. 6 demonstrates that the shielding-based strategy is able
to effectively modulate the MPI signal and can be robustly ex-
tracted in image-reconstruction to reflect the level-of-shielding
afforded by the sensor circuitry. There is a large amount of
MPI signal change in both the relative harmonic ratios and also
the total MPI signal. Since SPIOs are encapsulated within the
circuit and do not decay over time, the change in total MPI
signal can also correlate with the biosensing readout.

From an imaging perspective, the point-spread-function and
spot size plotted in Fig. 6d,e show that there can be significant
spread of the 3rd harmonic signal to the surrounding space up
to a 6mm radius. Although for PerimagTM nanoparticles with a
2.8 T/m gradient, one would expect a spatial resolution closer
to 3-4 mm based on the full-width-half-maximum, this is only
because standard reconstruction superimposes all the higher
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Fig. 6. Shielding-based strategy for coupling sensor information to MPI imaging information. Characterization of harmonic signal
strength and 2D spatial resolution at different shielding strengths. (a) Circuit diagram illustrating how the sensor can control the shielding
effectiveness via variable resistance. (b) MPI harmonic signal variation with effective applied H-field which is a direct function of the implanted
circuit shielding strength. (c) MPI harmonic signal at a fixed 14 mT/µ0 drive field with variable implanted circuit shielding strength. (d) Measured
harmonic signal strength (magnitude only, no phase) against a background biasing field to obtain the effective-1D point spread function for each
harmonic for a range of different shielding values. (e) Measured 2D spot size at a 2.8 T/m gradient strength for each odd harmonic f3 to f7 for a
range of different shielding values based on a X-space raster of the field-free-line across the 2D FOV shown in the photo. Since only the magnitude
of the harmonic signal is plotted here, this indicates the 2D spread from a point source and informs the effective resolution for each harmonic f3

to f7 signal taken alone. Because all the implanted NPICs will have the same SPIO mass, the results with the largest spot size f3 during zero-
shielding suggest that the NPICs be spaced at least 6 mm from each other to minimize partial-voluming or spillover of MPI harmonic information
between ROI of adjacent NPICs in the MPI image. The colormap indicates the drop in actual peak signal intensity in dBV as a result of shielding
(images normalized to themselves for clear inspection of spot size).

harmonics to give a sharp peak. If each harmonic is measured
independently in space, as is required for our harmonic-based
‘color’ and Z-coordinate reconstructions, it is essential to
minimize partial-voluming of harmonic data across 2D pixels.
As such, we measure the modulus harmonic signal at f3, f5
and f7 across space in a 2.8 T/m gradient to record the distance
at which the harmonic signal drops to < 20% of peak, which
is about 6 mm at zero-shielding case of a 14 mT/µ0 using
concentrated PerimagTM particles. This is arguably sufficient
for our context because the SPIO mass in each and every
implanted device in the FOV is equal and thus there is no
worry of large signal sources overshadowing smaller ones.
Improvement can be achieved by setting the device dynamic
range to be between 50 to 90% shielding which gives much
narrower spot sizes as shown in Fig. 6e.

D. The resonant circuit approach to couple biosensing
info to MPI readout is adequate but has poorer imaging
performance

Fig. 7 demonstrates that the resonant-based strategy is able
to effectively modulate the MPI signal and can be robustly
extracted in image reconstruction to reflect the detuned and
tuned state of the sensor circuitry. However, with a large

resonant amplification of the incident drive field, the SPIOs
experience a very large effective field that can override the
gradient-based spatial localization and encoding. As seen in
panel e, the third harmonic 2D spot size reaches almost
10 mm in radius which will cause partial-voluming problems
for devices at 1 cm or less spacing from each other. However,
the large intensity change between the tuned and detuned state
will be useful for facile detection of abnormal biological states
that manifest as a departure from the normal tuned state, and
would still work well for a binary sensor readout (abnormal
vs. normal).

E. Proof-of-concept of sensing of various metrics i.e.
temperature and force

The NPIC device design is compatible with a variety of
sensors and we demonstrate high sensitivity with temperature,
pressure, and strain sensors. From Fig. 8, we show that the
shielding strategy can effectively couple NTC thermistor out-
put into our MPI harmonic signal to extract temperature data
from the MPI signal. Statistically significant changes in the
f5:f3 harmonic ratio with tight error bars reflect robust readout
of temperature from the MPI harmonic signal. Similarly, force
data was encoded into MPI signal with a force sensor in the
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Fig. 7. Resonant-based strategy for coupling sensor information
to MPI imaging information. Characterization of harmonic signal
strength and 2D spatial resolution for a tuned and de-tuned cir-
cuit.(a) Circuit diagram illustrating how the sensor can control the tuned-
state by variable capacitance. (b) Photo of the resonant implantable
circuit. (c) Circuit response curves according to switching operation,
tuned versus de-tuned. (d) Measured MPI harmonic signal strength
(magnitude only, no phase) against a background biasing field to obtain
the effective-1D point spread function for each harmonic at a fixed
2.8 mT/µ0 drive field. As resonance is expected when tuned, the drive
field is set to be low. (e) Measured 2D spot size at a 2.8 T/m gradient
strength for each odd harmonic f3 to f7 for a range of different shielding
values based on a x-space raster of the field-free-line across the 2D
FOV shown in the photo. The colormap indicates the drop in actual peak
signal intensity in dBV as a result of loss of tuning (images normalized
to themselves for clear inspection of spot size) and shows an order-of-
magnitude difference in signal due to significant drive field amplification
by the resonant state as opposed to the off-resonant detuned state
where the nanoparticles are only excited by the low amplitude MPI drive
field. There is however poorer resolution in the tuned state due to the
high effective applied drive field on the nanoparticles which renders the
2.8 T/m background gradient less effective in signal localization.

circuit, with an additional open toggle switch to simulate the
case of tensile rupture which will manifest as an open circuit.
The results show a ±0.2◦C accuracy for temperature readout
in the physiological temperature range and a 1–3% error in
force readout for the pressure/stress sensor.

V. DISCUSSION

A. Conventional non-imaging methods for wireless
communication with implanted bioelectronic circuits

Existing work with bioelectronic implanted sensors directly
communicates with the sensor via either onboard power or
near-field power transmission. Typically sensors are widely-
spaced apart such that the external readout device can specify
the sensor by just mere proximity. Dense sensor arrays all
communicating with a single external readout device would
rely on frequency encoding or barcoding to identify the signal
source to individual sensors, but this lacks spatial information
on the sensor’s exact location and will fail if the sensor moves

within the body. Prior work using a single non-imaging, near-
field external reader was unable to spatially resolve adjacent
sensors. For example, Kalidasan et al. [18] used implanted
circuits to detect suture rupture and relied on modifying the
suture to extend the detection range from the central implanted
device. The rupture event was detected as a single binary
readout from the whole area, and pinpointing of the suture
rupture location was not possible. In general, conventional
wireless communication methods with implanted sensors are
limited to a non-imaging context.

With the addition of MPI imaging agents and encoding the
bioelectronic sensor data into the MPI harmonic signal, we can
harness MPI physics to provide an additional layer of spatial
localization to the data transmission that is not possible with
the abovementioned standard methods.

There are many real benefits that can be harnessed in this
imaging context. First, we can use pre-calibrated and concen-
trated amounts of SPIO nanoparticles that are easier to image
and reconstruct by harnessing robust priors (fixed total signal)
due to the fact that MPI has zero background signal from the
body and all signal must come from device nanoparticles. In
addition, unlike most in vivo MPI imaging contexts, the entire
nanoparticle dose can be highly-concentrated, safely-contained
within the device and does not experience high levels of in
vivo dilution. Since realistic biosensing applications would
only have a finite number of implanted sensors and no native
SPIO signal in the body, effectively, the imaging problem
regresses to 3D localization of a known number of ideal,
equal point sources distributed in 3D space. MPI datasets
are thus favorably sparse enabling facile and rapid imaging
reconstruction with minimization of image artifacts.

B. Comparison to prior work and other imaging
modalities (MRI, optical, and ultrasound)

Existing non-radioactive imaging modalities such as MRI
have been previously used image implanted sensors have been
demonstrated [22]. However, existing imaging modalities each
have their limitations ( Fig. 1). Optical methods only work well
for shallow implants. MRI methods heavily rely on device
contrast with the tissue background, and poor contrast may
result if the hypointense SPIO-device moves into a natively
hypointense body region. Furthermore, susceptibility artefacts
in the MRI image caused by the device can be expected. In
addition, most MRI scanners are expensive and bulky unlike
the portable readers typically used [18] or the handheld MPI
presented in our work. Ultrasound in theory should be a strong
candidate modality due to its compact, portable nature and
ease-of-use. However, there are challenges in coupling existing
sensors to a change in acoustic index. Furthermore, the sensors
cannot be placed in regions that are acoustically shadowed by
air interfaces or bone.

MPI, in contrast, suffers no such limitation as magnetic
fields penetrate almost uniformly through air, bone, and tissue.
MPI also has positive contrast with zero background signal
and thus offers unambiguous quantitation regardless of body
region which is highly desirable for implanted devices.

To our knowledge, this is the first study to investigate the use
of MPI on implantable microcircuits. The shielding strategy



10 IEEE TRANSACTIONS ON MEDICAL IMAGING, PREPRINT SUBMITTED TO TECHRXIV

we used to enable the MPI signal to encode sensor data is
similar in concept to the MPI saturation coil proposed in Kor et
al. [44] where there is modulation of the MPI signal emanating
from a selected localized region. While the method of Kor et
al. proceeds by a magnetic saturation mechanism and aimed
to locally suppress the unwanted MPI signal from parts of
the SPIO biodistribution (liver), our method proceeds by a
variable electromagnetic shielding mechanism. It modulates
the amplitude of the drive field felt by the SPIO and also
does not use an external saturation coil (our coil is part of the
implanted microcircuit sensor).

C. Optimal MPI drive parameters for bioelectronic
implant imaging

MPI uses inductive sensors such as pick-up coils thus the
signal is directly proportional to the rate of change of magnetic
flux [1], [30] set by the relaxation-modulated magnetization
rate of the SPIO tracer. Prior work on optimization of the
MPI waveform has shown two clinically-safe optima of either
70 kHz with low amplitude or 1 kHz with high amplitude
waveforms [45]. In this study, we focused on the low-
frequency approach (1 kHz and 38 kHz) to better match with
the lower frequencies of widely used MPI hardware (0.4 kHz
20 mT/µ0 by Murase et al. [36] and 25 kHz 18 mT/µ0 by
Rahmer et al. [46]).

The lower frequency also works better with superferromag-
netic MPI chains which recently have been shown to pos-
sess order-of-magnitude better imaging qualities than typical
SPIOs [47]–[50]. These chains have been shown to work well
in organic solvents, and thus could be the imaging agent
of choice in micro-scale bioelectronic implants where the
microcircuit holding capsule makes the in vivo use of organic-
immersed SPIO chains feasible. Furthermore, interesting qual-
ities like the presence of a threshold excitation amplitude to
increase signal by 100 to 1000-fold [47], [51], would have
strong synergy with the shielding and resonant microcircuitry
strategies towards highly-sensitive biosensors with tunable ON
- OFF thresholds.

D. Suitability of Bioelectronic Components and Sensors
with the MPI approach

Sensors for modulating the incoming excitation magnetic
field around SPIO nanoparticles were chosen according to the
mechanisms in the previous section. Amplitude modulation
can be achieved by resistive sensors for measuring body tem-
perature, pH, etc [52]. For example, because the resistance of
a negative temperature coefficient (NTC) thermistor decreases
as temperature rises, the current flow in the coil increases as
temperature rises. As a result, the shielding effect of the coil
will gradually change with temperature, and this change will
be visible in the MPI image. Transistors can be used as a
switching component in implementing on-off modulation, an
extreme case of amplitude modulation. Bioelectrical signals
flowing between the base and emitter of the transistor can
appear in the MPI image due to a strong shielding effect,
and bioluminescence from genetically mutated neurons also
can be detected by a phototransistor with the shielding coil.

Fig. 8. Sensing of various metrics as proof-of-concept (a) Circuit
diagram illustrating a temperature sensor NPIC circuit using an NTC
thermistor as the key sensing element and the shielding strategy to
couple sensor to MPI signal. (b) MPI harmonic measurements of the
circuit at different temperatures, where the f5/f3 ratio changes signif-
icantly with temperature as a result of differing shielding percentages.
(c) Modeled relationship between temperature and MPI harmonic ra-
tio (f5/f3) calculated from NTC temperature-to-resistance curve and
shielding equations. The data points with horizontal error bars indicate
the achievable accuracy at different temperature zones, with ±0.8, 0.3,
and 0.2◦C at 0, 25, and 37◦C respectively. For the physiological zone
around 37◦C, ±0.2◦C is a reasonable amount of error and can be
further reduced by optimization of the circuit and NTC thermistor. (d)
Circuit diagram illustrating a pressure sensor NPIC circuit using a thin
film pressure sensor as the key sensing element and the shielding
strategy to couple sensor to MPI signal. A switch is added to simulate
the case of tensile rupture which would make an open-circuit. (e) MPI
harmonic measurements of the circuit at different force applied, with
increasing shielding with more force. (f) Modeled relationship between
force and MPI harmonic ratio (f5/f3) calculated from sensor force-to-
resistance curves. The horizontal error bars indicate ±0.7 g error for a
60 g measured value (about 1% error for force measurement).

We can see an amplification of excited magnetic fields as we
employ resistive sensors or transistors on LC-resonant circuits.
In contrast to shielding effects without resonance, increasing
harmonics can be seen in the image when the resistance is
reduced or the circuit is closed.

Frequency modulation is performed by capacitive sensors in
an LC-resonant circuit [52]. Capacitive sensors can convert the
permittivity of materials or pressure fluctuations into electric
signals by detecting capacitance variations caused by changing
the electrical properties of the material or the physical distance
between two electrodes. We can measure biochemical varia-
tions but also physical changes in the internal body. Capacitive
strain sensors, for example, attached to the surgical site, can
be used to alert when the wound ruptures.
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Here, we use tiny ceramic capacitors for downscaling the
LC-resonant circuit. However, some capacitors, including fer-
roelectric materials, such as barium titanate (BaTiO3) [53],
are not suitable for use in this due to their lower stability in
strong magnetic fields. The ferroelectric materials enable high
capacitance in a small package, but they produce unwanted
harmonics due to their non-linearly varying capacitance with
field strength. Because the harmonics of ferroelectric materials
can be larger than the harmonics of SPIO nanoparticles
depending on their volume, we must avoid using ferroelectric-
based capacitors in this study.

E. Implementation considerations for robust 3D
reconstruction and sensor readout

There are many factors i.e. temperature, dilution, viscosity
in vivo that have potential to cause in situ deviations from
the calibration environment resulting in errors in 3D recon-
struction and sensor readout. However, our unique context
of imaging implantable devices and unique characteristics of
MPI provides us key benefits that ensure robustness of the
results: : (1) a high concentration of SPIO of known iron
mass is designed to be well-sealed within the NPIC thus
avoiding the negative impact of any in vivo dilution effects;
(2) the liquid composition, viscosity and concentration is kept
same as calibration time because the internal SPIO chamber
is designed to be fully sealed off from in vivo environment
thus being negligibly affected by environmental changes; (3)
unlike MRI, susceptibility effects (e.g. tissue-air interfaces)
from anatomic differences across device implantation sites are
known to have negligible impact on MPI scans [54]; lastly, (4)
the implantable device is recommended to be placed at depths
greater than 1 cm from the skin. Away from the skin, body
temperature is known to be highly regulated and shielded from
external temperature variations. Although there is some degree
of spatial variability in exact temperature depending on actual
anatomic site of implantation, this can be accounted for by a
thermometer measurement of the temperature of the implant
site, and a quick pre-calibration of device at that temperature
just before the device is surgically implanted or injected.

F. Safety considerations

The MPI drive waveform can cause magnetostimulation
and tissue heating (by specific absorption ratio (SAR)) and
thus the excitation frequency and amplitude f0 and Hamp

respectively must be kept within human-safe limits [55]. For
a 1kHz drive field, it is calculated that 37 mT/µ0 amplitude
measured at skin-surface is the limit for the human torso when
our MPI scanner/reader device is applied perpendicular to
torso axis. Fig. 3e shows that this amplitude will still give
enough harmonics even with magnetic drop-off with depth.

For implantable microcircuits, one concern is that to further
miniaturize the capacitors and other circuit elements on the
implanted circuit, a shift to higher resonant frequencies may
be necessitated. However, MPI safety limits will become
more stringent with higher frequencies due to SAR concerns.
In this regard, the shielding-based strategy rather than the

resonant-based strategy is more flexible as it works with low
frequencies.

Other than the effect of the magnetic field on biological
tissue, a non-negligible heating effect on the NPIC device may
occur during long periods of scanning where there is prolonged
induced current in the NPIC coil. Prior MPI studies have used
MPI for the imaging of interventional guidewires [15], [56],
[57]. Heating effects have been reported for some catheter
guidewires under MPI conditions, but it must be noted that
there was extremely wide variability in heating with most
catheters having negligible temperature rises which the authors
attributed to different hysteresis losses due to different ferro-
magnetic behavior of the metal compositions [57]. MPI signal
was detected in some devices without inducing any heating,
indicating the production of an effect on the MPI image does
not necessitate significant heating.

To minimize induced current in the coil and the corre-
sponding heating, we have chosen to use a low frequency of
1 kHz. In addition, modifications to the scanning sequence
such as a two-stage process will significantly reduce total
scan time to further minimize heating. In the first stage, low
drive amplitudes that induce less current/heating will be used
in the initial scan which simply aims to obtain a 2D image
and thus 2D pixel coordinates of the implantable devices. In
the second stage to interrogate each device for depth and
sensor information, higher drive amplitudes will have to be
used. To minimize the heating at high drive amplitude, rather
than sweep the entire FOV again, the scan trajectory will
only jump to the coordinates with devices present, pinging
each very briefly (< 0.2 seconds per NPIC) with the jump
time having no drive field applied to allow for cooling. This
therefore greatly reduces the drive field interaction with NPIC,
the net amount of heating and ensures robust z-coordinate
and sensor encoding by allowing for adequate cooling time
between higher-amplitude interrogation of each NPIC.

G. Potential clinical use cases

While this study is still a proof-of-concept, some potential
clinical use cases specifically requiring spatial information are
briefly illustrated in Fig. 2. Case 1 would be to track and
readout from a mobile implanted sensor, such as a pill that
moves through the gastrointestinal tract. The key advantage
in a clinical use case is to the ability to provide fine spatial
location information for each sensor reading as it moves
along the entire distance of the gastrointestinal tract. Thus,
the parameter-to-measure that is of value here is an accurate
3D location of the pill. Other methods such as a ‘pillcam’ can
only note the time and coarsely estimate its gastrointestinal
location based on camera images.

Case 2 would be post-operative monitoring of deep in-
ternal surgery where an array of implantables can monitor
healing, suture rupture etc. The key potential parameters to
measure are (1) biochemical healing markers released as
healing progresses, (2) change in pH due to gastric juices/bile
leaking from suture-ruptured anastomosis and finally (3) strain
or pressure-based sensing of internal swelling due to local
inflammation from infection. This may help detect infection



12 IEEE TRANSACTIONS ON MEDICAL IMAGING, PREPRINT SUBMITTED TO TECHRXIV

or cancer-relapse events in a spatially-informed manner for an
extended time period post-surgery.

H. Limitations of the current study
As this is a proof-of-concept study, there are several lim-

itations of the current NPIC system: (1) imaging depth is
currently limited to 7 cm which requires that the device
be implanted within 7 cm from the front or back; (2) heat
produced by significant current flowing in the micro-circuit
is a concern for long imaging periods; (3) the current image
reconstruction workflow assumes there is only one device per
Z−line, which may complicate the imaging process as there
is a need to adjust the angle of the FFL. Some strategies to
address these practical implementation issues are: (1) imaging
depth can be improved with larger receiver coils and/or better
MNPs producing stronger signals such as superferromagnetic
nanoparticles [47] that have 20-fold stronger signal per iron
mass ; (2) optimizing the MPI scan strategy by using
lower drive amplitude MPI that minimizes induced current
and heating in NPIC for a first-pass imaging to locate all
the microdevices in a 2D projection plane, saving the spa-
tial coordinates, then only jumping to those coordinates to
interrogate for sensor value. This is opposed to having the
scan trajectory cover the entire 2D projection plane at high
drive amplitude ; (3) The time taken to “converge” to an
appropriate imaging angle of the FFL can be reduced to a
minimal number of iterations by utilizing prior knowledge of
how many NPICs were implemented and the initial scan to
calculate and recommend an angle to try. Inherently, MPI
has a sparse imaging context as there is only signal from
the SPIOs in the implanted devices with zero signal from
biological tissue, making it easier to quickly identity an
appropriate imaging angle. Furthermore, this limitation to find
the imaging angle is also present in clinically used modalities
like ultrasound, where the operator may have to change the
angle of imaging to find the acoustic window. As such, if the
appropriate imaging angle can be quickly found with minimal
iterations, this limitation may be considered acceptable when
viewed alongside current clinical imaging workflows.

VI. CONCLUSION

In this work, we show that implantable coil-based trans-
ducers that are detectable via MPI can be imaged as an array
to spatially distinguish the bioelectronic signal from different
implants to enable the remote sensing of biological metrics in
a spatially distributed manner. These devices consist of induc-
tively coupled resonant circuits that change their properties
in response to electrical, thermal or photonic cues, thereby
modulating the local magnetic particle imaging signal without
the need for onboard power. We demonstrate modification of
the MPI imaging technique to extract both spatial information
as well as other information transmitted by the implanted
circuit (for example, biosensing) encoded in the magnetic
particle spectrum and presented as a changing color tone with
a variable biometric. Biophysical sensing via bioelectronic
circuits that leverage the tracer-like imaging properties of MPI
may enable a wide range of minimally invasive applications
in biomedicine and diagnosis.
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