IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Mechanical contrast in spectroscopic magnetomotive optical coherence elastography

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2015 Phys. Med. Biol. 60 6655
(http://iopscience.iop.org/0031-9155/60/17/6655)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 128.174.216.153
This content was downloaded on 06/01/2016 at 18:01

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/0031-9155/60/17
http://iopscience.iop.org/0031-9155
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

IOP Publishing | Institute of Physics and Engineering in Medicine Physics in Medicine & Biology

Phys. Med. Biol. 60 (2015) 6655-6668 doi:10.1088/0031-9155/60/17/6655

Mechanical contrast in spectroscopic
magnetomotive optical coherence
elastography

Adeel Ahmad'?, Pin-Chieh Huang'}, Nahil A Sobh'»,
Paritosh Pande', Jongsik Kim'-?, and
Stephen A Boppart'->3*

! Beckman Institute for Advanced Science and Technology, University of Illinois at
Urbana-Champaign, 405 North Mathews Avenue, Urbana IL 61801, USA

2 Department of Electrical and Computer Engineering, University of Illinois at
Urbana-Champaign, 306 North Wright Street, Urbana IL 61801, USA

3 Department of Bioengineering, University of Illinois at Urbana-Champaign, 1304
West Springfield Avenue, Urbana IL 61801, USA

4 Department of Internal Medicine, University of Illinois at Urbana-Champaign, 506
South Mathews Avenue, Urbana IL 61801, USA

> Department of Civil and Environmental Engineering, and, Department of Mechani-
cal Science and Engineering, University of Illinois at Urbana-Champaign, 1206 West
Green Street, Urbana IL 61801, USA

E-mail: boppart@illinois.edu

Received 27 February 2015, revised 16 June 2015
Accepted for publication 23 June 2015 @
Published 13 August 2015

CrossMark
Abstract
The viscoelastic properties of tissues are altered during pathogenesis of
numerous diseases and can therefore be a useful indicator of disease status
and progression. Several elastography studies have utilized the mechanical
frequency response and the resonance frequencies of tissue samples to
characterize their mechanical properties. However, using the resonance
frequency as a source of mechanical contrast in heterogeneous samples is
complicated because it not only depends on the viscoelastic properties but
also on the geometry and boundary conditions. In an elastography technique
called magnetomotive optical coherence elastography (MM-OCE), the
controlled movement of magnetic nanoparticles (MNPs) within the sample
is used to obtain the mechanical properties. Previous demonstrations
of MM-OCE have typically used point measurements in elastically
homogeneous samples assuming a uniform concentration of MNPs. In this
study, we evaluate the feasibility of generating MM-OCE elastograms in
heterogeneous samples based on a spectroscopic approach which involves
measuring the magnetomotive response at different excitation frequencies.
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Biological tissues and tissue-mimicking phantoms with two elastically
distinct regions placed in side-by-side and bilayer configurations were used
for the experiments, and finite element method simulations were used to
validate the experimental results.

Keywords: elastography, mechanical freqeuncy spectrum, optical coherence
elastography

(Some figures may appear in colour only in the online journal)

1. Introduction

The evaluation of the mechanical properties of tissues is important in many areas of medicine
and biology (Sinkus et al 2005, Dieter et al 2007, Carstensen et al 2008, Kennedy et al 2014).
Typically, in elastography measurements, the sample is perturbed by an excitation source and
the resulting response is measured and processed to extract the mechanical properties (Greenleaf
et al 2003, Parker et al 2011, Kennedy et al 2014). The spatial and temporal characteristics of
the mechanical stimulus play an important role in elastography. The mechanical excitation
can either be applied through different types of external force transducers (Chan et al 2006) or
by generating the force internally in the sample through techniques such as acoustic radiation
force (Nightingale 2011) or magnetomotive forces (Crecea et al 2009). Temporally, the sample
can be perturbed by a static force or a dynamic force in the form of a pulse, chirp or harmonic
excitations. A wide variety of techniques and imaging modalities including magnetic reso-
nance elastography (MRE) (Muthupillai et al 1995), ultrasound elastography (UE) (Yamakoshi
et al 1990) and optical coherence elastography (OCE) (Kennedy et al 2014) have been used to
measure the resulting deformation and response of the sample under a mechanical excitation.
Optical coherence elastography (OCE) has the advantage of providing high resolution and dis-
placement sensitivity compared to MRE and UE, which makes OCE a preferable technique for
tissue samples with small dimensions or high heterogeneity (Kennedy ez al 2014).

In a technique called magnetomotive optical coherence elastography (MM-OCE), the con-
trolled movement of magnetic nanoparticles (MNPs), which act as internal force transducers,
is used to evaluate the tissues mechanical properties (Crecea et al 2009, Crecea et al 2013,
Ahmad et al 2014b). These MNPs can either be injected in the sample of interest, targeted to a
diseased location, or in ex vivo specimens, can diffuse inside the tissues. MM-OCE has several
advantages compared to other elastography techniques. Unlike contact-based methods which
use external force transducers (Wang et al 2006, Liang et al 2008), the non-contact nature and
small-scale localized displacements in MM-OCE alleviate modeling and inertia problems asso-
ciated with contact-based methods, making it an attractive technique for measuring the elastic
properties of soft materials (Crecea et al 2009). Traditional compressional elastography tech-
niques (Wang et al 2006, Kennedy et al 2013) which use the strain or the strain rate as a substi-
tute for elastic modulus (under the assumption of uniform stress throughout the sample) are not
directly applicable in MM-OCE as the estimation of the stress distribution within the sample
is non-trivial (Kennedy et al 2013). Unlike traditional elastography techniques, in MM-OCE,
the total force acting on the sample depends not only on the applied force but also on the con-
centration of the magnetic particles within the sample. The determination of the applied mag-
netomotive force on the tissue would therefore require precise measurements of the magnetic
field characteristics of the coil, and the estimation of the concentration, distribution, and the
magnetic properties of the magnetic particles. Although these can potentially be determined
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by simulations and careful calibration, their precise determination in scenarios of different
geometries and boundary conditions would be challenging. Moreover, MNPs, when targeted
to a desired location, might not necessarily be uniformly distributed throughout the volume,
making precise quantification of the force extremely challenging. Therefore, MM-OCE relies
primarily on the temporal dynamics of the magnetomotive response rather than on the absolute
scale of displacements (Crecea et al 2009, Oldenburg and Boppart 2010).

Mechanical resonances have been found useful for non-destructive evaluation of materi-
als (Migliori et al 1993) and measuring the mechanical properties. Techniques such as reso-
nant ultrasound elastography, vibro-acoustic spectrography (Fatemi and Greenleaf 1998) and
shear-wave induced resonance elastography (Henni ef al 2010) have been developed over the
years that exploit the mechanical resonances in the sample to infer its mechanical properties
as the resonances are dependent on the viscoelastic properties of the material. Resonances
have also been exploited to amplify small displacements (Henni et al 2010), which is espe-
cially useful in techniques such as MM-OCT where the SNR can significantly be improved by
operating near the resonance frequency of the sample (Oldenburg et al 2008). In OCE, several
recent studies have explored the use of the mechanical frequency response and the resonance
frequency of the sample as a source of relative mechanical contrast (Adie et al 2010, Liang
et al 2010, Oldenburg and Boppart 2010, Qi et al 2013, Wang et al 2013). The measured
frequency response not only depends on the viscoelastic properties but also on the geometry
and boundary conditions. Although the use of mechanical resonance frequency of the sample
with known sizes and shapes has been well-established, the merit of the technique in het-
erogeneous samples has not been fully explored. The analysis of the mechanical frequency
response in elastically heterogeneous samples is challenging due to complex mechanical cou-
pling between regions of different geometries and mechanical properties, which are possibly
subjected to different boundary conditions. It is hypothesized that elastically distinct regions
in the sample based on differences in geometry, boundary conditions, and viscoelastic proper-
ties will have distinct mechanical resonance frequencies.

Previously, MM-OCE has been demonstrated using a step or a chirped excitation waveform,
where the resulting magnetomotive response is inherently dependent on the resonant frequency
of the sample (Crecea et al 2009, Oldenburg and Boppart 2010, Crecea et al 2013). In this
study, we investigate the feasibility of MM-OCE to image the local mechanical properties in
elastically heterogeneous samples. This is an extension of previously performed MM-OCE
studies that have invariably used samples with homogenous mechanical properties and typi-
cally performed point measurements at a single spatial location (Crecea et al 2009, Oldenburg
and Boppart 2010, Crecea et al 2013). We use a spectroscopic approach where cross-sectional
magnetomotive images are acquired using a range of frequencies and the magnetomotive
response at these frequencies is quantified. By measuring the response at different frequencies,
mechanically distinct regions in a heterogeneous sample can be potentially identified based on
the mechanical contrast provided by MM-OCE measurements. To explore the impact of elastic
heterogeneities on the measured frequency response, we used tissue-mimicking phantoms with
two elastically distinct regions placed in a side-by-side and a bilayer configuration. In addition,
we employed finite element method (FEM) simulations to validate the experimental results.

2. Methods

2.1. Experimental setup

A 1310nm spectral-domain OCT system as shown in figure 1(a) was used in this study (Ahmad
et al 2014a, 2014b). The light source was a superluminescent diode (LS2000B, Thorlabs) and
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the measured axial and transverse resolutions (full width at half max) of the system were 6 um
and 16 ym, respectively. A 1024-pixel InGaAs line-scan camera (SU-LDH2, Goodrich) was
used in the spectrometer providing an optical imaging depth of 2.2 mm. Although the system
can acquire data at 91912 A-lines per second, lower scan rates of up to 5000 A-lines per sec-
ond were used to prevent excessive oversampling and to obtain a higher signal-to-noise ratio
by capturing sufficient number of magnetic modulation cycles within each cross-sectional
frame consisting of 4000A-lines. MM-OCE measurements were performed by driving an
electromagnetic coil placed in the OCT sample arm with the specimen containing the mag-
netic particles placed underneath the coil, as can be seen in figure 1(a). The magnetomotive
force acting on the MNPs would be proportional to the square of the magnetic field gradient

i.e. Fox V|B?. Hence to obtain a sinusoidal displacement of the MNPs, a unipolar square
root sinusoidal voltage, V(¢) =V} lw was applied to the coil through a computer

controlled power supply where V; is the peak voltage and f; is the applied modulation fre-
quency. Cross-sectional magnetomotive images were acquired by sweeping f, over a range
from 20-500 Hz with a frequency interval of 5 Hz, as shown in figure 1(b). The magnetic field
strength from the coil (I.D. 12mm, O.D. 22 mm) at the surface of the sample was measured
to be 400 Gauss. The variation in the magnetic field strength within the range of measurement
frequencies (20-500 Hz) was found to be +5%.

2.2. Tissue phantom preparation

Tissue mimicking phantoms were prepared by mixing a polydimethylsiloxane (PDMS) liquid
with the curing agent RTVA and cross linker RTVB with ratios ranging from 200:10:1 to
50:10:1 (PDMS:RTVA:RTVB), providing an elastic modulus range of 0.8-50kPa similar to
that of soft tissues (Chen et al 1996, John et al 2010). Titanium dioxide scattering particles
(size <5pum, 2mgml~") were added to the mixture to increase the optical scattering and the
solution was sonicated for an hour. MNPs were then added to the solution to obtain a concen-
tration of 2mg g~! (MNP/solution). The solution was again sonicated for 4 h and subsequently
left in the oven for 8 h at 80 °C for curing (Crecea et al 2009). The side-by-side and the bilayer
phantoms were prepared in a two-step process, where one of the layer/side was allowed to
cure in the oven before pouring in the other layer/side. All the phantoms had cylindrical geom-
etry with 38 mm diameter and 5 mm height. The measured scattering coefficients of represen-
tative phantoms varied between y = 0.8—1.2mm~"! which is within the range of low scattering
tissues (Kholodnykh et al 2003, Zhang et al 2014). The scattering was kept relatively low to
obtain a higher SNR signal from deeper regions within the phantom.

2.3. Data processing

The data was analyzed using standard MM-OCT data processing techniques as described
in previous studies (Oldenburg et al 2008). Briefly, after the standard OCT processing (i.e.
background subtraction, resampling, dispersion compensation and FFT), the phase differ-
ences between the adjacent A-scans were computed. Subsequently, a lateral FFT was taken to
bandpass filter the response at the driving frequency. After one-sided bandpass filtering, the
envelope of the complex analytical signal was computed and scaled to obtain the displacement
amplitudes. One dataset was acquired with the magnetic field on and another with the field off.
The median values of the relative displacements from a user-defined region-of-interest (ROI)
are shown in the mechanical frequency spectrum plots in this paper.
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Figure 1. Experimental setup. (a) Magnetomotive optical coherence elastography
setup. An electromagnetic coil was placed in the sample arm and (b) square root of
sinusoidal waveforms were used to drive the coil. Cross-sectional images were acquired
at different modulation frequencies.

2.4. FEM simulations

FEM techniques have been widely employed in numerous elastography studies and more
recently in OCE (Kennedy et al 2013), (Ilg et al 2012, Chin et al 2014). Using FEM, the
impact of variations in boundary conditions, sample geometries, and mechanical prop-
erties can be conveniently investigated. In this study, FEM simulations were performed
using COMSOL Multiphysics (v4.4). Each sample was modeled as an isotropic, linear
viscoelastic medium with a fixed bottom boundary and free side boundaries with no-slip
boundary conditions. A Kelvin—Voigt model (sample dependent stiffness and a viscos-
ity value of 0.5Pa - s) with Rayleigh damping was used for the viscoelastic medium.
A distributed body force was applied along the axial direction throughout the sample
volume assuming that the MNPs are uniformly distributed within the sample and they
contribute negligible inertia. The simulation plots shown in the paper were obtained
using a frequency domain analysis in COMSOL, which was performed over a 10-500 Hz
frequency range.
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3. Results

3.1 Homogeneous tissue mimicking samples

Dynamic modulation of MNPs by applying a harmonic excitation waveform has been used
to obtain a magnetomotive response in MM-OCT (Oldenburg et al 2008), where the modula-
tion frequency is typically chosen to be close to the mechanical resonance frequency of the
sample (John et al 2010, Crecea et al 2013). The capability of spectroscopic MM-OCE to
measure distinct resonant frequencies was investigated by preparing elastically homogenous
PDMS-based phantoms with different degrees of stiffness that were loaded with uniform con-
centration of MNPs. Cross-sectional magnetomotive images were acquired while sweeping
the frequency over a range from 20-500 Hz and the relative displacements at these frequen-
cies were subsequently estimated. The frequency response for the different tissue phantoms
are shown in figure 2(a), where distinct resonant frequencies can be seen for different tissue
phantoms with varying elastic properties. The experimental results are in good agreement
with the FEM simulations shown in figure 2(b). The elastic modulus values of the phan-
toms were measured using a spherical indentation measurement device (Texture Technologies
Corp., Algonquin, IL) and were plotted against the measured resonance frequency using spec-
troscopic MM-OCE in figure 2(c). The linear fit (R> = 0.996) verifies the linear relation-
ship between the resonance frequency, f,, and the square root of the elastic modulus (E), i.e.
| JVE, for samples with a fixed geometry and constant damping coefficient (Liang et al

2008, Qi et al 2013).

3.2. Heterogeneous tissue mimicking samples

Various factors such as the anisotropy in material mechanical properties, heterogeneities
within the sample, geometry, and boundary conditions can influence the mechanical spec-
troscopic response. In the subsequent experiments, we keep the overall sample geometry the
same while introducing elastically heterogeneous regions within the phantoms with known
mechanical properties. Elastically heterogeneous phantoms in two configurations were pre-
pared by making phantoms with two different degrees of stiffness placed in a (i) side-by-
side and (ii) bi-layered fashion. In these configurations, the two materials having different
mechanical properties are mechanically coupled with one another and the ability of MM-OCE
to distinguish these mechanically coupled regions is investigated.

3.2.1. Side-by-side configuration phantoms. A side-by-side phantom in a cylindrical con-
tainer (diameter = 38 mm, height = 5mm) with a stiff region corresponding to £ ~ 50kPa
and a soft region with E ~ 1.5kPa was used to obtain the results shown in figures 3 and 4.
A 3D geometry of the model shown in figure 3(a) was used for the COMSOL simulations.
Experiments were performed by acquiring a series of cross-sectional magnetomotive images
by incrementing the frequency over the range 20 to 500 Hz (with 5 Hz increments) as shown
in figure 3(b). The ability of MM-OCE based measurements to distinguish between separate
regions of different stiffness is evident in figure 3(c), where regions of different stiffness can
be seen to have different frequency responses. The interface between the soft and the stiff
media is visible in the OCT structural image in figure 3(c), which correlates well with the
magnetomotive response of the soft and the stiff medium. The soft part of the sample responds
more strongly at a lower frequency range (as shown in the panel corresponding to 30 Hz in
figure 3(c)) while the stiff part gives a stronger magnetomotive signal at higher frequencies
(as shown in the panel corresponding to 315Hz in figure 3(c)). In the side-by-side phantom,
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Figure 2. Mechanical resonance frequency in homogeneous phantoms. (a)
Experiments. (b) FEM simulations. (c) The measured natural frequency is proportional
to the square root of the elastic modulus. The elastic modulus values were measured
with a spherical indentation measurement device (model TA.XT Plus Texture Analyzer,
Texture Technologies Corp., Algonquin, IL). The blue line represents a linear fit to the
data with a R? = 0.996.

distinct resonance frequencies corresponding to the stiff (~200Hz; left) and soft (~40Hz;
right) regions were observed.

To evaluate how the mechanical spectrum changes at different distances away from the
material interface, the spectra in localized rectangular regions at and away from the interface
were estimated as shown in figures 4(d), (e) and (f). The differences in the scale of displace-
ment between the stiff and soft regions can be seen in these plots. As the displacement in any
localized region will depend on the concentration of the MNPs in that particular region, the
relative ratios between the peaks corresponding to the two materials were used for analysis.
The mechanical spectrum obtained at each spatial location were averaged over a moving win-
dow of size 250 ym (width) X 25 um (height) to improve the SNR. The maximum value within
the frequency range of 30-45 Hz was chosen as the soft peak while between 190-220Hz was
chosen as the stiff peak. It is seen that as one moves away from the interface, the ratio of the
peaks of the two resonance frequencies increases (figures 4(g) and (i)), indicating that at a
certain distance away from the interface, distinct mechanical regions can be seen. The FEM
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Figure 3. Spectroscopic MM-OCE in a heterogeneous side-by-side configuration
phantom. (a) Geometrical model. (b) MM-OCE response at different excitation
frequencies. (c) At lower frequencies (30 Hz) the soft region within the sample gives
a higher magnetomotive response while at higher frequencies (315 Hz) the stiff region
gives a higher magnetomotive signal.

simulation results, seen in figures 4(a)—(c), show the same general trend and are in good agree-
ment with the experimental results.

3.2.2. Bilayer configuration. In the next set of experiments, bilayer tissue phantoms were
prepared by allowing the first layer to cure in the oven before pouring the second layer over
it. Experiments were performed by changing the relative thicknesses of the stiff (~8kPa) and
the soft (~1.2kPa) layers while keeping the overall height fixed at 5 mm. Data was taken by
sweeping through a frequency range of 20-300Hz and the relative displacement amplitudes
are plotted in the figures. Figure 5(a) shows experimental results with bilayer phantoms where
the soft layer is on the bottom and the stiff layer is at the top. For the same amount of force, the
displacement amplitudes depend on the stiffness of the material, i.e. the softer the material, the
higher the displacement values. However, for the purpose of comparing the mechanical spec-
troscopic response across different samples, the displacement amplitudes were all normalized
to the maximum displacement value in the spectroscopic response.

These plots show a dominant peak (rather than two frequencies corresponding to the soft
and stiff part of the material), suggesting that the bulk mechanical response across the axial
dimension (depth) of the sample is being measured. As both these layers have a uniform distri-
bution of MNPs and the thickness of the sample allows the magnetomotive force to act on both
layers, the entire sample will respond in bulk with a resonance frequency dependent on the
relative thickness of the two layers. It can be clearly seen that the resonance peaks shift from
low frequencies to high frequencies as the relative thicknesses of the soft layers decreases.
FEM simulation using a 2D axisymmetric model (shown in the inset) was performed and the
results shown in figure 5(b) are in good agreement with the experimental results. The experi-
ments were then repeated with the soft layer now placed on the top and the stiff layer at the
bottom. The experimental results with this configuration shown in figure 5(c) and simulations
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Figure 4. Spectroscopic magnetomotive data at different frequencies (5 Hz increments).
(a) FEM simulations within the (a) stiff region, (b) stiff—soft interface, (c) soft region.
A larger force was applied in the soft region due to a higher concentration of MNPs
in this soft region. (d)—(f) show the experimental signal levels from the boxed regions
in the PDMS phantom shown in (h). Note the differences in vertical scales, which
were chosen to emphasize the differences in peak heights and relative ratios of the
two resonant frequencies. (g) and (i) show that as one moves away from the interface
marked by the dotted line in (h), the ratio of the resonant peaks increases, indicating
diminishing boundary (interface) effects. The ratio of the resonant peak was defined
as the peak amplitude of the stiff over the soft for (g) and the soft over the stiff for (i).

in figure 5(d) show a similar trend where the resonance frequency peak shifts to high frequen-
cies with a decrease in the relative thickness of the soft layers.

3.3. Biological samples

Finally, MM-OCE measurements were performed with biological specimens. The MNPs
(#637106, average diameter 25 nm, Sigma Aldrich, Inc., St. Louis, Missouri) were allowed to
diffuse into the tissues by soaking them in a MNP solution with a concentration of 10 mgml~!
(where the solvent is PBS) for a period of 4 h. Distinct mechanical resonances from rat muscle
and lung tissues at frequencies of approximately 105 and 65 Hz, respectively, can be seen in
figures 6(a) and (b). These measured values are close to 99.6 + 8.9 Hz for the muscle tissue
and 57.5 + 4.7Hz for the lung tissue reported in an earlier study using a step magnetomotive
excitation in rabbit tissues (Crecea et al 2013). Results using a heterogeneous human tissue
sample containing adipose and tumor tissues are shown in figures 6(c) and (d). The excised
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Figure 5. Spectroscopic MM-OCE data from bi-layer phantom having a uniform
distribution of MNPs. The geometry of the samples used for simulations are illustrated
in the inset. The heights of the stiff and the soft layers were varied from 0 to S mm while
the overall height was kept constant at 5 mm. (a) Experiments and (b) FEM simulations
for a soft-bottom and stiff-top phantom. (c) Experiments and (d) FEM simulations for a
stiff-bottom and soft-top phantom.

human breast tissue was collected from the patient right after surgery, soaked in a MNP
solution for 4h and fixed in formalin prior to the experiment. The mechanical spectroscopic
responses (blue-adipose and red-tumor) in the plots in figure 6(c) were obtained from the
regions corresponding to the colored boxes shown in the OCT structural image. Several previ-
ous studies have noted the tumor tissue to be stiffer than the surrounding normal tissue (Liang
et al 2008, Wang et al 2012). For a stiffer region like tumor, we expect a stronger magnetomo-
tive signal at higher frequencies, as can be seen in figure 6(c). The magnetomotive images at
20 and 160 Hz excitation frequencies in figure 6(d) clearly show the adipose tissue exhibiting
a stronger response at lower frequencies while the tumor region giving a stronger signal at
higher frequencies. The results that a higher resonance frequency corresponds to a medium
with higher elastic modulus should be interpreted with cautious in heterogeneous samples. As
the mechanical resonance frequency also depends on the geometry of the medium it might be
possible that differences in the geometry between the soft and stiff parts might cause a higher
elastic modulus material to have a lower mechanical resonance than that of the soft material.
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Figure 6. Mechanical resonance frequencies in rat and human tissue samples. (a) Rat
muscle and (b) rat lung tissue. (c) Human adipose tissue and tumor. The red and blue
boxes indicate the spatial regions from which the displacement amplitudes shown in
the plots were calculated. (d) MM-OCE images of human adipose and tumor. At low
magnetomotive frequency (20Hz shown) the adipose is highlighted while at higher

frequencies (160Hz shown) the stiffer tumor region gives a higher magnetomotive
signal.

4. Discussion and conclusion

In this study, we demonstrated MM-OCE in biological tissues and samples with known
heterogeneous configurations by utilizing MNPs. We demonstrated relative changes in the
mechanical vibration spectrum that depend on the elastic properties of the specimen. However,
obtaining quantitative estimates of the tissue mechanical properties using the current method
is non-trivial especially in heterogeneous or multi-layered samples where the interpretation of
the results can often be challenging. The results of our study indicate that predictable trends
can be observed that agree with simulations, suggesting the possibility of obtaining quantita-
tive estimates in future studies by using a priori information about the sample geometry and
boundary conditions along with utilizing more complex models (Doyley 2012).

In techniques such as MRE, the relative size of the excitation region is small compared to the
overall size of the sample so inherently MRE perturbs a local tissue region and the propagation
properties of the generated shear waves are measured to extract the local mechanical properties.
However, in the present study using MM-OCE we are using small sized-samples with uniformly
distributed MNPs throughout the sample. This gives a large excitation volume compared to the
size of the sample and the resulting bulk movement of the sample makes the resonances more
pronounced. The experimental results in this paper suggest that in the side-by-side configuration
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the soft and stiff parts of the medium are more easily distinguishable and distinct resonance
peaks more apparent. We hypothesize that in the side-by-side configuration the two sides act
‘independently’ of one another as the applied magnetomotive force is along the vertical (axial)
direction. However, in the bi-layer configuration the vibrations are more closely coupled (one
vibrating layer will result in vibration of the other layer as they are on top of each other) and we
are possibly measuring the bulk excitation of the sample along the axial dimension.

In future studies, characterizing the local region over which resonance is sensitive would be
an important parameter. This would depend on a number of factors such as the spatial extent of
the applied force, elastic properties of the medium, damping within the system and the geometry
of the sample etc. Further experiments and simulations are needed to gain a better understand-
ing of the interplay of all these factors. The FEM simulations used in this study were limited to
structural mechanics. However, a multi-physics simulation approach would be highly desirable.
In future studies, the spatial variations in the magnetic field gradients and the noise attributes of
the displacement estimates can be taken into account and combined with the structural mechan-
ics simulations to potentially give more accurate and realistic results (Chin er al 2014).

In this study, we have shown mechanical contrast in MM-OCE images based on the mag-
netomotive signal strength at different frequencies. However, it is to be noted that the mag-
netomotive response in a given region is also dependent on the local concentration of the
MNPs, hence the magnetomotive response normalized to the MNP concentration within a
given region is likely to provide more quantitative results. These differences in concentration
can be due to many factors such as tissue dependent diffusion of MNPs and the biological
functions and properties of the cells and tissues. The current tissue phantom study was done
by varying the elastic modulus. We note that these silicone-based phantoms have lower damp-
ing as compared to that of the tissues (Crecea et al 2013). Higher damping and viscosity will
result in broadening of the resonant peaks and can result in merging of peaks that are close
to one another. In future studies, the effect of damping can be investigated either through
simulations or by preparing a different set of phantoms where viscosity can be changed in a
controlled manner (Nguyen et al 2014).

In the spectroscopic approach described in this study, a large amount of data (one cross-
sectional image per frequency) is acquired for a given sample. However, more useful infor-
mation can potentially be extracted or the large acquired datasets can be represented in more
meaningful ways by exploiting hyperspectral imaging techniques commonly used in remote
sensing (Plaza et al 2009). Furthermore, in scenarios where elastography over a tissue volume
may be desired, the data acquisition can be improved by utilizing a volumetric MM-OCT scan
scheme (Ahmad et al 2014a).

The clinical utilization of spectroscopic MM-OCE would be challenging as the sample of
interest is required to be loaded with MNPs. However, this technique might be applicable as
an additional source of contrast in clinical scenarios such as in magnetic hyperthermia treat-
ment (Moroz et al 2002) or MNP-based contrast enhancement in MRI in which the tissue
might already be loaded with MNPs (Shubayev et al 2009). Moreover, the diffusion of the
MNPs in tissues needs to be characterized and their toxicity better understood before it can be
a viable technique for clinical applications.
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