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Abstract— Despite advances in MRI, the detection and
characterisation of lymph nodes in rectal cancer remains
complex, especially when assessing the response to neo-adjuvant
treatment. An alternative approach is functional imaging,
previously shown to aid characterization of cancer tissues. We
report proof-of-concept of the novel technique Contrast-
Enhanced Magneto-Motive Ultrasound (CE-MMUS) to recover
information relating to local perfusion and lymphatic drainage,
and interrogate tissue mechanical properties through
magnetically induced tissue deformations.

The feasibility of the proposed application was explored using
a combination of pre-clinical ultrasound imaging and finite
element analysis. First, contrast enhanced ultrasound imaging
on one wild type mouse recorded lymphatic drainage of
magnetic microbubbles after bolus injection. Second,
preliminary CE-MMUS data were acquired as a proof of
concept. Third, the magneto-mechanical interactions of a
magnetic microbubble with an elastic solid were simulated using
finite element software.

Accumulation of magnetic microbubbles in the inguinal
lymph node was verified using contrast enhanced ultrasound,
with peak enhancement occurring 3.7 s post-injection.
Preliminary CE-MMUS indicates the presence of magnetic
contrast agent in the lymph node. The finite element analysis
explores how the magnetic force is transferred to motion of the
solid, which depends on elasticity and bubble radius, indicating
an inverse relation with displacement.

Combining magnetic microbubbles with MMUS could
harness the advantages of both techniques, to provide perfusion
information, robust lymph node delineation and
characterisation based on mechanical properties.

Clinical Relevance— Robust detection and characterisation of
lymph nodes could be aided by visualising lymphatic drainage of
magnetic microbubbles using contrast enhanced ultrasound
imaging and magneto-motion, which is dependent on tissue
mechanical properties.

I. INTRODUCTION

Lymphatic spread is an important risk in the progression of
colorectal cancer (CRC) [1] meaning that lymph node status
must be considered during staging and to inform subsequent
treatment planning in CRC [2], as well as other metastatic
disease known to progress through lymphatic spread [3-6].
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Reliable lymph node assessment is critical to treatment
pathway planning and to inform decision making around the
need for neo-adjuvant therapy prior to surgery.

In the UK, all CRC patients undergo contrast CT and MRI
imaging during pre-treatment staging [7], but these techniques
are limited in their ability to detect and characterize lymph
tissue or extra-nodal tumor deposits, especially in determining
cancer spread and therefore assessing the need for neo-
adjuvant therapy [8]. In many cases, a full assessment of
disease extent can only be made through post-surgical
pathology. The ability to accurately stage lymph nodes, in
CRC in particular, holds significant potential to guide the level
of surgical intervention required, and in some cases reduce the
number of patients undergoing major surgery who it may have
been possible to treat effectively with a smaller resection [9].
Such patients will benefit from a reduced risk of
complications, faster post-surgical recovery, and potential
improvements in post-surgical quality of life.

Ultrasound imaging is ubiquitous in clinical diagnostics,
offering non-ionising, real-time imaging well suited to soft
tissue. Contrast-enhanced ultrasound (CEUS) employs gas
microbubbles as a contrast agent to deliver improved image
quality and provide additional functionality, in particular,
information relating to tissue perfusion. CEUS has recently
been applied to lymph node imaging [10], and in our group to
study the relationship between lymph node size and metastatic
status [11].

Magneto-motive ultrasound (MMUS) is a relatively new
technique also using ultrasound. In this case, the contrast agent
is magnetic nanoparticles, which when excited using an
externally-applied, alternating magnetic field, act to displace
the tissue they are located within. High-resolution ultrasound
is used to image the resulting tissue movement such that
displacements in the micron range, and exceeding the
diffraction limit of the ultrasound frequency being employed,
are recovered [12]. MMUS has been used to identify lymph
nodes in rats.

To harness the useful properties of both microbubbles and
MMUS, we propose using magnetic microbubbles for contrast
enhanced magneto-motive ultrasound (CE-MMUS). The aim
of this study is to demonstrate the potential of CE-MMUS to
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detect and evaluate lymph nodes in relation to metastatic
spread in cancers such as colorectal cancer.

II. METHODS

Magnetic microbubble perfusion and magnetomotive
response were investigated in two separate in vivo experiments
and in a finite element simulation.

A. Animal model

Mice (C57BL/6J) were purchased from Charles River UK
and maintained in groups of 2—5 in individually ventilated
cages. All animal experiments were approved by the
University of Edinburgh Animal Welfare and Ethical Review
Body and were conducted in accordance with the Animal
(Scientific Procedures) Act UK 1968, and performed under a
UK Home Office project license (P02F16F82).

B. Contrast enhanced ultrasound imaging (CEUS)

Magnetic microbubbles were prepared by attaching
magnetic nanoparticles (FluidMAG-CMX, 50 nm, chemicell,
Berlin, Germany) to MicroMarker (FUJIFILM VisualSonics
Inc. Toronto, Canada) through a biotin-streptavidin bond [13].
To determine suitability of the magnetic microbubbles for
ultrasound contrast imaging of lymph nodes, a study was
performed in a wild type mouse. Procedures were carried out
under isofluorane anaesthesia, vital signs were monitored and
remained within normal ranges throughout. The inguinal
lymph node was imaged at 25 frames per second using a 20
MHz transducer (MX250, using the Vevo 3100, FUJIFILM
VisualSonics, Toronto, Canada). A single bolus of magnetic
microbubbles was injected in the tail vein and non-linear
contrast mode data were acquired for 30 s from the time of
injection. The animal was sacrificed whilst anaesthetised
directly after imaging.

C. Contrast enhanced magneto-motive ultrasound
imaging (CE-MMUS)

A magneto-motive field was generated using a solenoid
(in-house construction) driven with signal generator (33220A,
Agilent, Technologies UK) and amplifier (Behringer EP4000,
Willich, Germany), such that a 4 Hz, 3.8 Vpp sinusoid was
amplified by 29 dB. This resulted in a rms magnetic field of
0.14 T at a location 4 mm above the focus, which was the
approximate location of the inguinal lymph node.

Magnetic nanoparticles (FluidMAG-CMX, 50 nm,
chemicell, Berlin, Germany) were biotinylated [13] and
administered intra-dermal (50 pl) to the left hock to drain to
the left inguinal lymph node for 24 hours prior to imaging. The
right inguinal lymph node acted as a negative control. Target
ready Micromarker (50 pl) were administered IV to the tail
vein immediately prior to CE-MMUS imaging.

To investigate the potential for magnetic particles and
microbubbles to improve the ability to image lymph nodes,
and demonstrate CE-MMUS, a study was performed on a wild
type mouse. Procedures were carried out under isofluorane
anaesthesia, vital signs were monitored and within normal
ranges. MMUS and CE-MMUS imaging were performed
using the MX550D transducer with centre frequency of 40
MHz and Vevo 3100 preclinical ultrasound scanner
(VisualSonics, Toronto, Canada). The transducer was
positioned opposite the solenoid and aligned with acoustic
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focus coincident with the cone tip. The transducer was
translated axially away from the cone tip to make space for the
interrogation target (mouse) to be placed between the solenoid
and ultrasound transducer. Couplant gel was used to provide
acoustic coupling to the transducer and the mouse was adjusted
to allow the inguinal lymph node to be visualized under B-
mode imaging.

MMUS and CE-MMUS imaging of the inguinal lymph
nodes was performed at 199 frames per second concurrent to
the lymph nodes being subject to the magneto-motive field.
Imaging of the left inguinal lymph node was undertaken prior
to administration of Micromarker (MMUS), post
administration of Micromarker (CE-MMUS) and post mortem
(cervical dislocation). Imaging of the right inguinal lymph
node was undertaken post mortem. Both lymph nodes were
excised and placed in a volume of ultrasound couplant and
imaged again.

Raw data was acquired as 1Q (in-quadrature) files for post-
processed in Matlab. The MMUS signal was received (custom
script [12]) yielding mean rms tissue displacement in each
lymph node interrogated. Acquisitions were repeated three
times for each condition.

D. FEA

The mechanical response of a magnetic microbubble
contacting an elastic solid was modelled using a finite element
simulation software (COMSOL Multiphysics version 5.6,
Stockholm, Sweden).

The magnetic microbubble was represented by a 2 nm
thick elastic shell, Young’s modulus 100 MPa, Poisson’s ratio
0.499, density 1100 kg/m?, radius 1.05 um subjected to an
internal (Young-Laplace) pressure due to the gaseous core,
that depends on the 25 mN/m surface tension [14], and initial
bubble radius. The rotational symmetry of the geometry was
utilised to reduce analysis complexity and time. The solid was
modelled as isotropic and linearly elastic, values of Young’s
modulus, Poisson’s ratio and density of 24 kPa, 0.42 [15], and
1300 kg/m? respectively were used [16]. A force of 1 pN was
applied to the microbubble shell, adapted from estimate in
[17], causing it to come into contact with, and deform, the
elastic solid. The penalty method was used to make the contact
definition and the deformation at the centre point of contact, or
midpoint displacement, was compared for different ranges of
Young’s modulus of the solid and radii of the bubble. The
model outputs were also compared to an analytical solution of
frictionless contact between a sphere and an elastic half space
[18].

III. RESULTS

A. CEUS

Contrast enhanced imaging of the left inguinal lymph node
was performed using magnetic microbubbles and the echo-
power within the lymph node recovered (Fig. 1).

The echo-power in the lymph node initially increased
following microbubble administration, and decreased after
reaching a maximum. At the end of the sequence the echo-
power was still elevated as compared to before
administration.



B. CE-MMUS

MMUS or CE-MMUS imaging of each lymph node was
performed to reveal the mean displacement in microns in each
(Fig. 2). In order to maintain consistency of imaging and
preservation of the region of interest, all left lymph node
imaging was completed prior to moving the ultrasound focus
to image the right lymph node. No MMUS displacement was
recorded in the right lymph node. This was as expected since
magnetic nanoparticles were delivered to the left hock only.
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Figure 1: Echo-power in arbitrary unit (a.u.) in a region of
interest representing the lymph node. A bolus injection of
magnetic microbubbles was administered at the beginning of
the recording (0 s). The filling of the region of interest has peak
enhancement 3.7 s post injection.
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Figure 2: Mean MMUS and CE-MMUS displacement
(rms) in microns for each lymph node and condition
investigated, where the anatomical location of the lymph node
is expressed as L (left) and R (right) and PM indicates post
mortem condition. The right lymph node was not expected to
show any MMUS signal as magnetic particles were only
administered to the left hock. Errors are +standard deviation,
n=3.

C. FEA

Finite element modelling illustrated displacement in tissue
occurring as a result of a magnetic microbubble being forced
into it. The influence of tissue stiffness and microbubble radius
on displacement was investigated (Fig. 3).

Displacement decreases with increasing Young’s Modulus,
and is increased by decreasing microbubble radius. Smaller
microbubbles induce a larger displacement, but the area over
which force transfer takes place is reduced, due to reduced
contact area (results not shown).

IV. DiscussION

Medical imaging is important in diagnosis, staging, and
treatment planning [7] of cancer [19]. Information about the
location and status of lymph nodes can guide treatment
planning and holds the potential to allow a more conservative
surgical procedure, with associated short and long-term
benefits to the patient’s quality of life. However, for some

cancers, targeted resection is not always possible due to the
absence of robust methods for obtaining reliable and accurate
lymph node assessment [20]. Contrast enhanced ultrasound
using microbubbles [21] and magneto-motive ultrasound
imaging [22] have been separately demonstrated as feasible
methods for lymph node detection. It has been hypothesized
that combining the methods could have synergistic effects and
enhance sensitivity [23].
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Figure 3: Midpoint displacement outputs for a magnetic
microbubble contacting an elastic solid. Results are shown for
ranges of two parameters, (A) Young’s moduli of the solid
ranging from 8 kPa to 30 kPa, (B) bubble radii, 1-1.5 pum.
While one parameter was varied, the others were kept constant
at 24 kPa and 1.05 um, respectively. Curves fitted based on
analytical theory of contact.

MMUS is capable of delineating lymph nodes in rat studies
and of detecting relatively small alternations in stiffness in
tissue phantom studies [24]. CEUS has previously been
demonstrated for imaging lymph nodes, and can assess
differences in flow dynamics, specifically the filling time, that
arise in the vicinity of a cancerous growth [11]. Our results
(Fig. 1) confirm utility is preserved in magnetic microbubbles,
providing a foundation for the novel method of CE-MMUS.

Simulation studies (Fig. 3) indicate how a magnetic
microbubble subject to an alternating magnetic field will
interact with a local tissue boundary. Microbubble suspensions
with a smaller mean diameter will induce larger tissue
displacements, e.g. 2 pm diameter microbubbles will generate
approximately 20% larger displacements as compared to those
of a 3 pm diameter. Such data provides insight to optimise CE-
MMUS through magnetic microbubble design.

Finally, we present first proof of principle data for CE-
MMUS in a mouse model (Fig. 2). Our data indicate that when
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target-ready microbubbles are used alongside biotinylated
magnetic nanoparticles, the mean tissue displacement is
increased in vivo (0.47 £0.03 pm as compared to 0.39 +0.05
pum). Further work is underway to determine the true nature of
this enhanced displacement measurement and the role of
magnetic microbubbles. Larger tissue displacement is also
measured in lymph nodes post-mortem and once excised. The
post mortem animal will not be subject to physiological
movement, while the excised lymph node, also static, is more
easily imaged, both factors which will improve MMUS signal
recovery and therefore hold potential to improve sensitivity.
Finally, the addition of microbubbles (with or without
magnetic particles) is likely to improve image quality, even in
B-mode acquisition, and this alone may improve sensitivity to
MMUS displacement. Work continues to establish the role of
microbubbles in improving MMUS image quality, accurate
lymph node delineation and tissue stiffness estimation,
however, data presented here indicate the potential of the
technique as a novel addition to the diagnostic tools available
to clinicians seeking to determine lymph node status to aid in
treatment planning.

V. CONCLUSION

These preliminary data explore feasibility of combining
MMUS and CEUS by using magnetic microbubbles for
contrast enhanced MMUS (CE-MMUS). We demonstrate
proof of principle of CE-MMUS and illustrate its potential to
provide new diagnostic data that may aid in robust detection
and characterisation of lymph nodes in cancer imaging.
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