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Abstract
Objective.Anultrasound-based system capable of both imaging thrombi against a darkfield and
performing quantitative elastometry could allow for fast and cost-effective thrombosis diagnosis,
staging, and treatmentmonitoring. This study investigates a contrast-enhanced approach for
measuring the Young’smoduli of thrombus-mimicking phantoms.Approach.Magnetomotive
ultrasound (MMUS)has shownpromise for lending specific contrast to thrombi by applying a
temporallymodulated force tomagnetic nanoparticle (MNP) contrast agents andmeasuring resulting
tissue displacements. However, quantitative elastometry has not yet been demonstrated inMMUS,
largely due to difficulties inherent inmeasuring appliedmagnetic forces andMNPdensities. To avoid
these issues, in this workmagnetomotive resonant acoustic spectroscopy (MRAS) is demonstrated for
thefirst time in ultrasound.Main results.The resonance frequencies of gelatin thrombus-mimicking
phantoms are shown to agreewithin one standard deviationwithfinite element simulations over a
range of phantom sizes andYoung’smoduli with less than 16% error. Then, in a proof-of-concept
study, the Young’smoduli of three phantoms aremeasured usingMRAS and are shown to agree with
independent compression testing results. Significance.TheMRAS results were sufficiently precise to
differentiate between thrombus phantomswith clinically relevant Young’smoduli. Thesefindings
demonstrate thatMRAShas potential for thrombus staging.

1. Introduction

From cancer to liver fibrosis, elastography plays a vital role in diagnosing awide range of diseases, tracking their
progression, and assessing their treatment (Szabo 2014, Ozturk et al 2018). An important example is deep vein
thrombosis (DVT)where clot stiffness is clinically relevant for staging and treatmentmonitoring (Browse et al
1999, Symons Ettore and Lewis 2011). Quantitative ultrasound elastometry—themeasure of elasticity, often in
terms of Young’smodulus—may rapidly informDVT treatment decisions by providing a classification of the
thrombus as acute or chronic. Currentmethods of ultrasound clot elastometry are in development (Bosio et al
2021), but not yet standardized, and could benefit from a contrast-enhanced technique due to the low
echogenicity ofmany thrombi. Originally developed fromoptical coherence tomography (OCT) (Oldenburg
et al 2005), and recently investigated for its ability to label thrombi (Pope et al 2013, Levy et al 2018),
magnetomotive ultrasound (MMUS) is an emerging imagingmodality inwhichmagnetic nanoparticles (MNPs)
are used as a contrast agent (Oh et al 2006, Sjöstrand et al 2020).MMUShas shown promise for elastometry
applications due to its ability to remotely apply amagnetic force to the labeled region, and tomeasure the
resulting displacement. QualitativeMMUS elastographywas first presented in 2014 (Bruno et al 2014). It was
later demonstrated thatmagnetically-inducedmotion in thrombus-mimicking phantoms decreasedwith
Young’smodulus (Levy et al 2018), and that displacement could be quantitatively predicted fromYoung’s
modulus in a simple, one-particle case (Levy andOldenburg 2021). Toward the goal of quantitative elastometry
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for thrombosis, in this work ultrasoundmagnetomotive resonant acoustic spectroscopy (MRAS) is used to
measure the resonance frequencies and subsequently to quantify the Young’smoduli ofmagnetically labeled
thrombus phantoms.

In recent years,MMUShas been shown to have potential for elastometry, but challenges remain in
quantifying the applied force. Elastometry is commonly performed bymeasuring the displacement resulting
froma known force to calculate stress and strain. The ability to performphase-resolvedmotion trackingwith
MMUS enablesmeasuring displacements as small as tens of nanometers (Levy et al 2018), but determining the
force requires knowledge of themagnetic properties and spatial distributions ofMNPs in the imaging area. This
is not possible with ultrasound, becauseMNPs are weak, sub-resolution acoustic scatterers. In 2019, Thapa
worked to circumvent this issue by using an inversemodel to reconstruct body forcemaps fromMMUS
displacement images up to a scaling factor (Thapa et al 2019). This factor could be determined under the
assumptions of elastically homogeneous tissue andMNPs that aremonodisperse in size andmagnetic
properties, but such assumptionsmay be limiting.More recently, Fink demonstrated a comparable technique
that relies onfinite element analysis (FEA) rather than an inversemodel, but would require similar assumptions
(Fink et al 2021). Taking another approach, Sjöstrand presented an echogenicMNP-labeledmicrobubble
contrast agent thatmay allow for both quantification via ultrasound and displacement sensing viaMMUS
(Sjöstrand 2019). However,measurements in this studyweremade via laser vibrometry, and questions remain
around how this would translate toMMUS, andwhether the largemicrobubbles would be effective at labeling
tissue. A different alternative comes from the analogous phase-resolved opticalmodality,magnetomotive
optical coherence elastography. A temporally-sinusoidalmagnetic force was applied and the shear wave velocity
dispersionwasmeasured in order to determine phantomYoung’smoduli (Ahmad et al 2014). Although this
obviated the need for quantitative forcemeasurements, it required the assumption of homogeneousmechanical
properties, whichwould likely be violated near blood vessels. Ideally,MMUS elastometry would not have to rely
on known forces or elastic homogeneity over a large area.

Resonant acoustic spectroscopy provides an exciting alternative for characterizing themechanical properties
of soft tissues, since increased vibration amplitude at resonance promises a higher signal-to-noise ratio without
relying on quantitative forcemeasurements (Oldenburg andBoppart 2010). Because thismethod depends on
the geometry and boundary conditions of resonating structures beingwell known, it is ideal formeasuring the
Young’smoduli of blood clots formed inmicrowells, which can be actuated viamagnetic bead force transducers
(Wu et al 2013, Krebs et al 2015).When usingMNPs as transducers instead, the Young’smoduli of gelatin
phantoms have been demonstrated to affect their resonance frequencies (Oldenburg andBoppart 2010, Ersepke
et al 2017), andwith associatedmodelling based on phantom geometry, quantitative elastometrywas shown to
be possible withOCT (Oldenburg andBoppart 2010). To alleviate constraints due to the lowpenetration depth
of light in tissue, in this work,MRAS is demonstrated for the first time using ultrasound. The resonance
frequencies ofMNP-labeled cylindrical gelatin thrombus phantoms aremeasured and shown to agreewith
simulated results generated via FEA. Then, resonance frequenciesmeasured viaMRAS are input into thefinite
elementmodel, alongwith phantomdimensionsmeasured via B-mode ultrasound, resulting in the first proof-
of-concept FEA-based quantitativeMMUS elastometry system.

2.Methods

2.1.Open-airmagnetomotive ultrasound apparatus
TheMMUS systemused in this work is shown infigure 1(a), and has been described previously (Levy et al 2018,
Levy andOldenburg 2021). Briefly, anUltrasonix SonixTouch platform and an L14-5/38 transducer (Analogic
Corporation, Peabody,MA,USA)were used for imaging. Antiparallel, water-cooled solenoid electromagnets
were placed on either side of the transducer andwere each driven by aKepcoATE-75-15M, 1000Wpower
supply (Kepco Inc, Flushing, NY,USA). This configurationwith themagnets flanking the transducer allowed for
the imaging of large samples whilemaintaining a sufficientmagnetic gradient of∼0.02T2/min the imaging
area. The power supplies were signaled by anAgilent 33522A arbitrary waveform generator (Keysight
Technologies, Santa Rosa, CA,USA). B-mode images used tomeasure the phantom sizes were collected as per
section2.4.1, whileMRAS datawere collected as per section2.4.2.

2.2. Gelatin thrombus-mimicking phantoms
The phantoms used for this studywere designed tomimic the acoustic, geometric, and elastic characteristics of
thrombiwhile being simple to create and simulate. As shown infigure1(b), phantomswere gelatin cylinders
approximately 4.5 mm in radius, and between 4 and 15 mm in length. Acoustic properties approximated those
of human tissuewith an attenuation of 0.3 dB cm−1MHz−1 and 1540 m s−1 speed of sound. Because thrombi
frequently resemble a structure fixed to a blood vessel wall on one side and otherwise surrounded by blood, the
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phantomswerefixed on one end to a plastic wall and submerged in an open-top jar of water. Young’smoduli
ranged fromapproximately 3–20 kPa by adjusting the gelatin concentration, which represents a clinically
relevant range for thrombi. For example, a human study demonstrated thatDVTs stiffen from∼2 to∼13kPa as
they age over twoweeks (Liu et al 2017), and another found thatDVTsmaintain values at or below 7kPawhen
subjects were given anticoagulants (Bosio et al 2021). BeyondDVT, abdominal aortic aneurisms have been
shown to exhibit Young’smoduli in the 13–60kPa (Hinnen et al 2007) and 11–22kPa (Ashton et al 2009)
ranges. The phantomswere also labeledwithMNPs formagnetomotive contrast.

Twelvemagnetically labeled cylinders with a variety of lengths andYoung’smoduli were created for this
study. The gelatinwas prepared in 1.5 ml batches following amethod similar to that originally described by
Madsen (Madsen et al 1978) andHall (Hall et al 1997). First, 1.25 ml of SHP-10 10 nmcarboxyl coated iron
oxide nanoparticle solution (OceanNanoTech, SanDiego, CA,USA)was added to a centrifuge tube for a final
iron concentration of 4.2 mgFe/ml. Gelatin fromporcine skin (300 bloom, type A)was then added in different
amounts to create 10 soft cylinders (3.2 wt%), 1 intermediate cylinder (4.5 wt%), and 1 stiff cylinder (8.7 wt%).
The remainder of the volumewas composed of synthetic graphite nanopowder (4.4 wt%), 1-propanol
(3.0 wt%), andwater. The solutionwas heated in awater bath to 50 °Cwith frequent vortexing, cooled to 28 °C,
and then poured into a cylindrical phantommold described in supplement I (available online at stacks.iop.org/
PMB/67/155010/mmedia) for overnight gelation. The next day, the cylinders were removed from themold and
trimmed to the desired length. For the 10 soft cylinders, effort wasmade to produce an evenly spaced range of
lengths between 4 and 16 mm, although trimming proved an imprecise process due to the floppy nature of the
gelatin. The intermediate and stiff cylinders were fabricatedwith approximately the same lengths as three of the
soft cylinders (10–11 mm).

Shortly after trimming, five-minute epoxywas used tofix one end of the cylinder to a small plastic ‘offset,’
whichwas, in turn, glued to the plastic vertical wall centered in the open-top jar. As shown infigure1(b), this
offset allowed the transducer to be positioned directly over the cylinder without touching thewall. After two
hours, the jar wasfilledwith room temperature tapwater and a large, angled gelatin blockwith 4.4 wt%graphite
nanopowder and 7.0 wt%gelatinwas placed below the cylinder to reduce the severity of reflection artifacts. The
jar was then situated in the imaging apparatus as shown in figure1(b). Submerged phantomswere allowed to
thermally equilibrate for 20 min before imaging becausemeasurements were found to produce variable results
until after this time.

2.3. Independent validation of young’smodulus
In order to produce ground-truth Young’smodulus values against which theMRAS system could be compared,
compression tests were performedwith a TA.XTPlus texture analyzer (Texture Technologies Corp., Hamilton,
MA,USA). Three large (∼100 ml) gelatin cylinders were createdwith the same ingredient concentrations as the
soft, intermediate, and stiff phantoms, except that the nanoparticle solutionwas replacedwithwater. Then, the
compression testing procedure utilized previously (Levy andOldenburg 2021)was followedwith two key
differences. First, the cylinders were submerged inwater during the compression tests, and second, rather than
embedding thermocouples andmonitoring Young’smoduli as a function of temperature, the cylinders were
simply allowed to thermally equilibrate inwater for one hour beforemeasurements. This longer equilibration
periodwas necessary before results became consistent, likely due to the larger volume of these cylinders
compared to the thrombus phantoms. Young’smoduli were found to be 3.2±0.2, 7.6±0.4, and 20±1 kPa
for the soft, intermediate, and stiff cylinders, respectively, using the linear regions of the true stress–strain curves.
Uncertainties were estimated from fit quality (R2), and ambiguity of the linear region. It is interesting to note that
whileHall’s formula (Hall et al 1997) is usually accurate at predicting the Young’smoduli for a given gelatin
concentration, submersion of these phantoms caused a significant softening relative to samplesmeasured in air.

Figure 1. (a) Schematic diagramof the open-airMMUS systemused in this study, and (b) side view of the submerged, cylindrical,
MNP-labeled thrombus-mimicking phantom.
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2.4. Experimental data collection
For each cylinder, two different sets of data were collected. First, B-mode images with ultrasound parameters
optimized for resolutionwere acquired for sizing the phantoms. Second, a stack of low-resolution images with
parameters optimized for frame rate were collected forMRASmeasurements.

2.4.1. Cylinder length and radius data collection
The ultrasoundwas set to collect one frame of RF datawith an imaging depth of 3.0 cm, awidth of 3.8 cm, and a
10MHz transmit and receive frequency utilizing all 128 elements. The focal depthwas set in each case to the
center of the gelatin cylinder, usually∼1.5 cm. This produced an axial resolution of 0.08 mm, and a lateral
resolution of∼0.2 mm.Two images were acquired immediately prior toMRAS data collection. In the first
image, the transducer was oriented parallel to the cylinder axis to produce the ‘side view’ shown infigure2(a).
Then the transducer was rotated 90° into the position shown infigure1 to produce the ‘front view’ in
figure2(b). The imaging planewas kept∼3 mm from the free end of the cylinder.

BeamformedRF datawere imported intoMATLABR2020a (Mathworks Inc,Natick,MA,USA) on a
separate PC, andmanual region of interest (ROI) selectionwas used to extract the length and radius of each
cylinder from the B-mode images. Example ROIs are shownwith dashed red boundaries infigure2.
Uncertainties of±0.2 mm for length and±0.06 mm for radiuswere estimated. Although it was possible to
extract radii from side view images, the uncertainty was found to be higher, so front view images were used for
this purpose.

2.4.2.MRASdata collection
With the transducer still in the ‘front view’ position, the ultrasound settingswere changed to an imaging depth of
2.5 cm and awidth of 1.9 cm. Just 16 elements spaced evenly over themiddle 50%of the arraywere used. This
broadened the lateral resolution to∼0.9 mm, but allowed for a 532Hz frame rate. For each cylinder, three stacks
of beamformedRF datawere collectedwhile themagnets were drivenwith a square root-sinusoidal up-chirped
current waveform. The result of this waveformwas a 5 s sinusoidal up-chirpedmagnetic gradient force from0 to
50 Hz acting on the embeddedMNPs. Thewaveformwas triggered by the start of data collection, and over 5 s of
data were acquired for each image. The image stacks were then transferred toMATLAB for post-processing as
discussed in section2.7, where data beyond 5 swas omitted.

2.5. Finite element analysis
Gelatin cylinders with size, stiffness,material, and environmental parameters designed tomatch the
experimental phantomswere simulated for FEAusingCOMSOLMultiphysics 5.6 (Comsol AB, Stockholm,
Sweden).

2.5.1. Simulation parameters
In each simulated cylinder, the length, radius, andYoung’smodulus were specified. The cylinder was oriented
with its axis parallel to the ground, one endfixed, and the other free. A temporally chirped, spatially
homogeneous 0–50 Hz sinusoidal body force was applied over the entire cylinder to approximate the
experimental case where force amplitudes deviate less than 7% from the average over a typical phantom. The
cylinders were also submerged in a 600ml volume ofwaterwith an open top.

The SolidMechanicsmodulewas used tomodel themotion of the cylinder as a linear elasticmaterial with a
semi-incompressible Poisson’s ratio of 0.495 and a density of 1000 kgm−3, while the Laminar Flowmodulewas
used tomodel themotion of thewater assuming incompressible flow and no turbulence. The Fluid-Structure
Interactionmultiphysicsmodulewas used tomodel the interfaces. A tetrahedralmeshwas employedwith

Figure 2.Representative (a) side- and (b) front-viewB-mode images used tomeasure the length L and radiusR of a gelatin cylinder
phantom viamanual ROI selection. ROIs are shownwith red dashed boundaries.
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variable element volumeswhich averaged 1.4mm3 in the gelatin region, and 300mm3 in thewater region.Mesh
sizes were set via amesh refinement study, andCOMSOL automatically placed smaller elements close to
interfaces and curved surfaces.

2.5.2. Data collection
Each FEA simulation consisted of a 5 s time dependent study using the 2nd-order backwards differentiation
formula solver. Output timeswere set to 1/(532 Hz) tomatch the ultrasound sampling times, and solver step
sizes were set to be less than or equal to 1/(532 Hz). For vibrating rods, three types ofmodes are possible:flexural
(motion perpendicular to the rod’s axis), extensional (motion parallel to the axis), and torsional (rotation about
the axis) (Love 1944). Because the force was directed perpendicular to the cylinders’ axes, the simulations
exclusively excitedflexuralmodeswithmotion parallel to the force. After each simulation, the volume-averaged
displacement of the cylinder was output as a function of time. These data were then sent toMATLAB for
determination of the resonance frequency (see section 2.7). FEAwas chosen due to the lack of a straightforward
analytical solution for this problem, but there is an analytical solution in the case that the cylinder is surrounded
by air rather thanwater (Oldenburg andBoppart 2010). In this case analytical predictionsmatched simulations,
lending further credibility to the FEA results.

2.5.3. Uncertainty analysis
Uncertainty in FEA resonance frequency results arose fromunderlying input parameter uncertainties. For each
simulated cylinder of length L, radiusR, and Young’smodulus Ewith respective uncertaintiesσL,σR, andσE,
two additional simulationswere run to determine the upper and lower bounds. Shorter, wider, and stiffer
cylinders exhibited higher resonance frequencies, so for the upper bound simulation, lengthwasminimized
(L−σL), while radius wasmaximized (R+σR), and Young’smodulus wasmaximized (E+σE). Conversely,
the lower boundwas created bymaximizing LwhileminimizingR andE. Gray-shaded uncertainty ranges in
resultfigures were obtained from sweeps ofmultiple upper and lower-bound simulations across the plotted
independent variable range. Cubic spline interpolationwas used to form the edges.

2.6.MRASmeasurement principle
Following the procedure suggested by Lathi andGreen (2018), and previously employed byOldenburg
(Oldenburg andBoppart 2010) andKrebs (Krebs et al 2015), the resonance frequency f0 of a simulated or
experimental cylinder is determined byfitting a Lorentzian to its complex, frequency-domain transfer function,
or ‘mechanical spectral response.’Briefly, theMRAS system applies a chirped, sinusoidalmagnetic driving force
F(t), andmeasures the resulting volume-averaged displacementΔz(t). Themechanical spectral response is
determined by considering the response of the system to a complex analytic harmonic driving force
 ( ) = wF t F ei t of angular frequencyω. The cylinder is then approximated as a driven, damped harmonic
oscillator with complex analytic displacement ˜Dz such that

˜ ( ) ˜ ( ) ˜ ( ) ˜ ( ) ( )g wD  + D ¢ + D µz t z t z t F t , 10 0
2

where γ0 andω0=2πf0 are the damping coefficient and fundamental resonance frequency, respectively. The
solution to this differential equation is then

˜( ) ˜ ( )D = wz t Ae , 2i t

where Ã is

˜ ˜ ˜ ˜
( )

w w wg
= µ

- +
A IF

F

i
, 3

0
2 2

0

such that themechanical spectral response Ĩ is a complex Lorentzian that depends upon the driving frequency
ω. Themagnitudes of Ã and F̃ represent the displacement and force amplitudes, respectively, while the phases
of Ã and F̃ represent the phase offsets of the displacement and force waveforms, respectively. For an arbitrary
force F(t) such as the chirpedMRASwaveform, a Fourier decomposition produces a sumof phasors with
amplitudes ˜ ( ) { ( )}w = F F t .Given the linearity of differential equation (1), the resulting complex
displacement amplitudes are thus ˜ ( ) { ( )} ˜ ( ) ˜ ( )w w w= D =A z t I F such that themechanical spectral response
is the ratio of the Fourier-transformed displacement and force (Lathi andGreen 2018)

˜( ) { ( )}
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( )w
w w g w

=
D

µ
- +




I

z t

F t i

1
. 4

0
2 2

0

Thus, experimental and simulated data arefit to a complex Lorentzian of the form given in (4) to extract the
resonance frequency f0. Technical details are given in section 2.7.
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2.7.MRASdata processing protocol
A similar procedure was used to determine the resonance frequencies of each experimental and simulated
thrombus-mimicking cylinder, but themethod of preparing data for analysis was different. In the experimental
case, beamformedRF datawere processed per the procedure outlined in Pope (Pope et al 2013). AHilbert
transformwas applied to the stack of images, and the complex acoustic phasewas subtracted pixel-wise from
successive time samples to create a new stack of differential phase images. Differential phase is proportional to
displacement and is less affected by low-frequency noise. The images were cropped to the boundaries of the
cylinder, and pixels with intensities below 60%of the average B-mode intensity were rejected tominimize phase
noise. For simulations, FEAdata arrived fromCOMSOL ready to analyze as a one-dimensional vector of
volume-averaged displacements sampled in time.

For both types of data, a Fourier transformwas applied in time and divided elementwise by the Fourier
transformof the corresponding chirped force waveform to create themechanical spectral response according to
(4). The ideal chirpedwaveform from the simulationswas used for the FEAdata, while the square of the current
waveformmeasured directly fromone of themagnets was used in the experimental case. The simulated data
were already one-dimensional, but the experimental data were not, so after computing the Fourier transformof
each pixel, a phasor average over the spatial dimensions was computed in the latter case. A nonlinear least-
squares curvefitter was applied to the real and imaginary parts of themechanical spectral responses as shown in
figure3. This was an improvement over a previously reported amplitude and phasefitting procedure
(Oldenburg andBoppart 2010, Krebs et al 2015), as it avoided phase wrapping andminimized the residual across
both bases simultaneously. For readersmore familiar with amplitude and phase plots, supplement II contains
the absolute value and argument of these same data and complexfits. Thefinal resonance frequency for each
experimental cylinder was determined by averaging the results of the three image stacks collected, and standard
uncertainty was calculated by combining in quadrature uncertainty in thefit parameters with the standard
deviation of these repeatedmeasurements. Simulation uncertainties are discussed in section2.5.3.

It should be noted thatmultiple higher frequencymodes are visible in the experimental data infigure3, but
not in the simulated data. These are attributed to extensional or torsionalmodes of vibration. As discussed in
section 2.5.2, higher frequencymodeswere not excited in the simulations, butmight be excited in the
experiments due to smallmagnetic force components perpendicular to the imaging plane.With appropriate
analysis, suchmodesmay present an additionalmeans ofmeasuring cylinder sizes and stiffnesses, but in general
this would necessitate the ability tomeasure frequencies above 50 Hz. Thus, amaximum frequencywas
manually selected for thesefits to exclude the highermodeswhen present.

3. Results

3.1. ExperimentalMRAS results agreewith FEA
The blue dots infigure4(a) show experimental thrombus-mimicking phantom resonance frequencies
measured viaMRAS as a function of length for all ten ‘soft’ cylinders. Each sample had a Young’smodulus of

Figure 3. FEA and experimental fitting results for a gelatin thrombus-mimicking cylinder 10.4 mm in length, 4.3 mm in radius, and
3.2kPa in Young’smodulus. A Lorentzianwas fit to the complexmechanical spectral responses, and the normalized real (a) and
imaginary (b) parts of the simulatedfit as well as the real (c) and imaginary (d) parts of the experimentalfit are shown. Simulated and
experimental data are shown as black dots, while fits are shown as red lines.
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3.2±0.2kPa asmeasured by compression testing, and approximately constant radii of 4.4±0.4 mm. The
black line indicates the FEApredicted resonance frequencies for cylinders ranging from4 to 16 mm in length,
and the gray region represents the uncertainty in FEA results as described in section 2.5.3. All experimental
resonance frequenciesmatch FEApredictions within uncertainty.

Similarly, the blue dots infigure4(b) show experimental phantom resonance frequenciesmeasured via
MRAS as a function of Young’smodulus forfive cylinders of similar size. Each sample had lengths and radii of
10.3±0.1 mmand 4.8±0.5 mm, respectively. Young’smodulus valuesweremeasured via compression
testing. The black line indicates the FEApredicted resonance frequencies for cylinders ranging from3 to 30kPa
in stiffness, and the gray shaded region represents the uncertainty in the FEA results as described in section 2.5.3.
Once again, all experimental resonance frequenciesmatch FEApredictionswithin uncertainty. Note that the
three nearly overlapping data points in the bottom left-hand corner are shared between this plot and figure4(a).

The data points infigure4(c) represent the experimental resonance frequencies determinedwithMRAS for
all twelve cylinders plotted as a function of the FEApredicted resonance frequencies. Simulated cylinders with
the same lengths, radii, and Young’smoduli were used in each case. Each color represents a range of cylinder
lengths, while eachmarker shape represents a Young’smodulus. Ideally, each point would lie on the dashed
‘y=x’ line. Nine of the data points agree within one standard deviation, while all twelve have<16% error. The
fact that three results agree with simulations infigures4(a) and (b), but not infigure4(c) is due to the different
FEA input parameters. For example, infigure4(b) simulations used average experimental L andR values, which
led to higher uncertainty than infigure4(c)where results were compared againstmatched simulations.

3.2. Proof-of-concept elastometry results
In order to demonstrate the potential utility of ultrasound-basedMRAS formeasuring Young’smoduli, the
resonance frequency, length, and radii of three cylinders were determined fromultrasound data only, as
acquired in section2.4. An example plot of the elastometry process is given infigure5, and full results are in
supplement III. For each cylinder, a set of simulationswith dimensions set via B-mode ultrasound
measurements andYoung’smoduli ranging from3 to 30kPawere performed. The gray region infigure5
represents the uncertainty bounds for this range of simulations, andwas computed per the procedure in
section 2.5.3. The blue region represents the experimentally observed resonance frequency rangewithin one
standard deviation, and the vertical area of overlap between the blue and gray regions represents the Young’s
moduli consistent with the observed resonance range. Thus, for the intermediate cylinder, the Young’smodulus
determined viaMRASwas 7.2±0.8kPa, indicated by the red shaded area. This agrees with the independent
compression testing result of 7.6±0.4kPa. Plots for the soft and stiff cylinders are given in supplement III. The
soft cylinder was found to have E=3.5±0.4kPa, while the stiff cylinder was found to have E=18±4kPa,
both of which agreewith the compression testing results (3.2±0.2 and 20±1kPa, respectively) and are
mutually distinguishable.

4.Discussion

The resonance frequencies of twelve cylindrical gelatin thrombus-mimicking phantomsweremeasured via
MRAS and compared to simulated results fromFEA. Experimental data agreedwith FEApredictions when
cylinder lengthswere varied (figure4(a)), andwhen cylinder Young’smoduli were varied (figure4(b)).
Additionally, the Young’smoduli of three phantomswith different gelatin concentrations weremeasured using

Figure 4.Gelatin thrombus-mimicking phantom resonance frequencies are shown (a) as a function of length, with radii and Young’s
moduli held constant, and (b) as a function of Young’smoduluswith lengths and radii held constant. In each case, experimental and
simulated results agree within the gray shaded uncertainty ranges, as explained in section 2.5.3. The same data are presented in (c)
where each cylinder’s experimental resonance frequency is plotted as a function of the resonance frequency for amatching simulation
with identical radius, length, andYoung’smodulus. Nine out of twelve data points agree within uncertainty.
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a combination of B-mode ultrasound andMRAS. The results for the soft, intermediate, and stiff cylinders were
3.5±0.4, 7.2±0.8, and 18±4kPa, respectively, and plots further demonstrating the process used to arrive at
these results are presented in supplement III. Eachmeasurement agreedwith Young’smodulimeasured via
independent compression tests, and exhibited uncertainty ranges small enough to allow for differentiation
between the three stiffnesses. Specifically, the percent error in each case was between 10 and 25, whichmay be
sufficient to distinguish acute from chronic thrombi. For example, in a study ofDVT inmice, acute thrombi
initially exhibited Young’smoduli of∼2kPa before stiffening to∼13kPa over the course of twoweeks (Liu et al
2017)–an increase of 550%. Suchmeasurements were possible despite the different dimensions of the three
cylinders, which raises the possibility of a future blinded study to establishwhether thismethod has prognostic
value for positively identifying “soft” phantoms from amongst thosewith a range of stiffnesses. The goal would
be tomirror the need for efficient differentiation between acute and chronic thrombi in the clinic (Browse et al
1999, Symons Ettore and Lewis 2011).

In this work, a simple gelatin cylinder fixed at one end and submerged inwaterwas used as a thrombus-
mimicking phantom for experimental and FEA simplicity. However, because thismodel does not perfectly
recapitulate the geometry and environment of a thrombus in vivo, certain limitations arise. First, real thrombi
are not generally cylindrical, and theymay be smaller than the phantoms used in this study. This could lead to
higher resonance frequencies with lower displacement amplitudes, while themagnets used in this workwere not
optimized for supplying forces at frequencies above 50 Hz. This is not a fundamental limitation, and higher
frequencymodulationmay be achieved through an improvedmagnetic force delivery system (Ersepke et al 2017,
Wang et al 2019). Additionally, in an in vivo situation, there usually exists echogenic tissue between the
transducer and the blood vessel, but in this work that space wasfilled onlywithwater. Furthermore, this distance
is often substantial, withDVTpotentially occurring deep inside the leg. A study of 2816 people in the 1980s
found an average thigh radius of 8.8 cm,with a 95th percentile of 11 cm (Heitmann and Frederiksen 2009),
which approximates themaximumnecessary imaging depth.While to dateMMUS systems have been designed
for depths up to 5 cm (Pope et al 2013), further improvements inmagnetic deliverymay be needed to ensure
adequate force and sufficiently low attenuation and clutter to allow forMRAS in less favorable conditions.
Finally, pulsatile bloodflowmay be confounding in the cases of arterial thrombi or veinous thrombi in the
vicinity of arterialmotion; although previouswork has demonstratedMMUS imaging in the presence of
physiological flow at afixedmagnetmodulation frequency (Levy et al 2018), additional strategiesmay be needed
to extract a chirpedwaveformunder these conditions. Because bloodflow also imparts shear stress on the
thrombus, itmay need to be accounted for in future FEAmodels alongwith themechanical properties of the
blood and vessel walls.

Although the specifics of labeling thrombiwere not the focus of this study, the feasibility of achieving
sufficientMNP concentrations forMRAS is important, andwarrants further investigation. Previouswork has
demonstrated that platelets, a primary constituent of thrombi,may be labeledwith an average of 140fgFe of
super-paramagnetic iron oxide nanoparticles per platelet (Pope et al 2013). Progress has beenmade toward
usingmagnetically labeled platelets to visualize thrombi viamagnetomotiveOCT (Oldenburg et al 2010, 2012)
and ultrasound (Pope et al 2013). In the former case, rehydrated, lyophilized platelets were loadedwithMNPs,
and pumped through ex vivo porcine arteries with andwithout damage to the luminal wall.Magnetomotive
OCT imaging provided specific contrast to the damaged regions (Oldenburg et al 2010), but so far this has not
been realized in vivo.Besides labeling platelets themselves, the use of receptors thatmediate platelet aggregation
and adhesion as targets formagnetic contrast warrant further study. For example, the interaction between

Figure 5.Elastometry proof of concept for intermediate cylinder. The resonance frequencywasmeasuredwithMRAS (blue), and
comparedwith the gray simulated range for a cylinder of the same dimensions (10.2 mm length and 4.82 mmradius). The region of
vertical overlap (red) indicates the experimentally calculated Young’smodulus: 7.2± 0.8 kPa.More examples are given in supplement
III.
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glycoprotein (GP) Ib-α and vonWillebrand factor (VWF) is crucial for thrombus formation, while the binding
of VWF to bothGPIIb/IIIa and collagenmediate thrombus growth (Jamasbi et al 2017).Magnetic contrast
agents capable of targeting such receptorsmay provide anothermethod for specific labeling of thrombi.
Regardless of the contrastmechanism, it is worth consideringwhether non-uniform labeling could alter
resonance frequencies. The results of a preliminary study detailed in supplement IV showed qualitatively
consistent results for two cylinders of similar size where onewas labeled uniformlywithMNPs, and the other
was labeled non-uniformly with a single 1-mm-diametermagnetic ball. Additionally, resonance frequencies did
not change as a function of positionwithin the uniformly labeled phantoms.

Lastly, amodel with awider geometric parameter space could be used to account for themore general case of
thrombiwithout cylindrical cross sections. The geometry of the thrombus, which is needed for input into the
FEAmodel, could be obtainedwith the sameMNPs viaMMUS,which has shown promise for volume
measurements (Levy et al 2018). Furthermore, simulations currently take approximately 45 min to run on a
3.3 GHz Intel Xeon quad-core E-2124 processor, and anNvidiaQuadro P620 graphics card. Enhanced
hardware and software optimization could allow for awider range of geometries, sizes, and boundary conditions
to be simulatedmore quickly, perhaps on a per-measurement, on-demand basis.
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