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Abstract. We demonstrate the detection of iron oxide
nanoparticles taken up by macrophages in atherosclerotic
plague with differential phase optical coherence tomogra-
phy (DP-OCT). Magneto mechanical detection of nano-
particles is demonstrated in hyperlipidemic Watanabe and
balloon-injured fat-fed New Zealand white rabbits in-
jected with monocrystalline iron oxide nanoparticles (Ml-
ONs) of <40 nm diam. MIONs taken up by macrophages
was excited by an oscillating magnetic flux density and
resulting nanometer tissue surface displacement was de-
tected by DP-OCT. Frequency response of tissue surface
displacement in response to an externally applied mag-
netic flux density was twice the stimulus frequency as ex-
pected from the equations of motion for the nanoparticle
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1 Introduction

Atherosclerosis resulting in myocardial infarction, stroke, and
peripheral vascular disease is the leading cause of death
worldwide. These cardiovascular deaths are commonly caused
by rupture of “vulnerable” plaques. The histological charac-
teristic features of vulnerable plaques are well established by
autopsy studies in humans and include large lipid cores, thin
fibrous caps, and an abundance of infiltrated macrophages.
Many inflammatory cells and molecules associated with
plaque vulnerability have been identified, contributing to the
hypothesis that inflammation plays a significant role in initia-
tion, progression, mechanical instability, and rupture of ath-
erosclerotic plaque.'™ Several features of the inflammatory
process have been identified that contribute to mechanical in-
stability, and increased risk of plaque rupture, these include
activation and recruitment of macrophages,” overexpression
of matrix metalloproteinases (MMPs),’ decreasing collagen
synthesis,6 and thinning of the fibrous cap overlying a large
lipid core.”® Activation and recruitment of macrophages can
induce breakdown of a thin fibrous cap and increase mechani-
cal instability and risk of plaque rupture by local production
of MMPs. Thus, macrophages are an important cellular
marker for the risk of plaque rupture in the coronary, cerebral,
and peripheral circulations.

Optical coherence tomography (OCT) is a rapidly emerg-
ing imaging modality demonstrating improved resolution ca-
pable of performing high-resolution imaging (axial resolution
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of 5—10 um, transverse resolution limited by wavelength,
and beam numerical aperture) not available with other tech-
niques, such as intravascular ultrasonography,'® multislice
CT," and magnetic resonance imaging (MRI)."> More re-
cently, OCT has been successfully applied to image quantita-
tively morphometric features of vulnerable plaque, such as the
large lipid core and thin fibrous cap.7’]3_18 The capability of
conventional OCT to distinguish consistently in vivo mac-
rophages from the surrounding tissues with high confidence in
the presence of atherosclerosis is uncertain.'*'* For example,
scattering features attributed to macrophages might originate
in calcium, speckle, or other plaque constituents.

Investigators have demonstrated that phase-sensitive mi-
croscopy based on spectral domain OCT could be used for
quantitative  phase-contrast imaging with  improved
resolution.”* Differentialphase optical coherence tomogra-
phy (DP-OCT) is capable of high path length sensitivity and
is able to detect a 1-nm optical path length change (Ap) be-
tween discrete reflecting surfaces.”> DP-OCT has been applied
to phase contrast imaging of cells,! used to measure
nanometer-scale displacement changes corresponding to neu-
ron activity,24 electro-kinetic response of cartilage, > photo-
thermal response of tissue,® and changes in analyte
concentration.”’

In our recent work, we have shown that by using DP-OCT
we are able to detect tissue-based macrophages in murine
liver containing Feridex IV (Advanced Magnetics Inc.,
>100 nm) nanoparticles and an external oscillating magnetic
field.”® However, to our knowledge, no published report is
available on the detection of macrophages using nanoparticles
in an intact atherosclerotic tissue. Nanoparticle dosimetry in
the reticulo-endothelial system is different from that for ath-
erosclerotic tissues. To target nanoparticles to macrophages in
atherosclerotic plaques, the size should be <40 nm to reduce
uptake by the reticulo-endothelial system.29 Therefore, the ob-
jective of this study is to demonstrate detection of macroph-
ages in atherosclerotic animal models using smaller diameter
ironoxide nanoparticles (<40 nm). These studies were com-
pleted using two atherosclerotic animal models: Watanabe and
balloon-injured fat-fed New Zealand white rabbits. The Wa-
tanabe model targeted nanoparticles to superficial macroph-
ages, whereas the New Zealand white rabbits provided tissues
with MION in deeper macrophages in atherosclerotic lesions.

2 Method
2.1 DP-OCT Instrumentation

The fiber-based dual-channel DP-OCT system used in this
study has been described previously.28 Briefly, partially polar-
ized light from an optical semiconductor amplifier (AFC
Technologies, central wavelength A\y=1.31 um, FWHM
=60 nm) is polarized and coupled into fast and slow axes of a
polarization-maintaining (PM) fiber. Light is split by a 2 X2
PM coupler into reference and sample paths. The phase of
light in the reference path is modulated by a LiNbO; wave-
guide phase modulator while group delay is varied by a rapid
scanning optical delay line. Additionally, the rapid scanning
optical delay line (RSOD) was used to balance dispersion
imbalance between reference and sample paths introduced by
the LiNbO5; waveguide phase modulator and birefringent cal-
cite wedges. Polarization modes of light in the sample path
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undergo a user-selectable differential delay when propagating
through a pair of birefringent calcite wedges with orthogonal
fast axes. The differential delay between polarization modes
may be varied by adjusting the thickness of the calcite
wedges. The differential delay is set to provide equal path-
lengths of light reflecting from the bottom surface of a
1 mm-thick glass window providing a reference air-glass in-
terface and the atherosclerotic tissue specimen. A rubber
o-ring positioned underneath the 1-mm-thick glass window
provided an adjustable distance between the reference air-
glass interface and the atherosclerotic tissue specimen. Unpo-
larized thick surface of light was focused on the specimen
with a 0.2 numerical aperture so that the Rayleigh range in-
cluded both the specimen and reference air-glass interface.
Light returning from the sample and reference path recombine
and interfere in the PM coupler. A Wollaston prism separates
interfering light in fast and slow axes of the PM fiber into
channel 1 (chl) and channel 2 (ch2).

The dual-channel Michelson interferometer was used to
measure differential phase between light backscattered from
the reference air-glass interface and atherosclerotic tissue
specimen surface when applying a sinusoidal focused mag-
netic flux density. Detected fringe signals may be written

Ichl (t) = 2IO \"RrefRsamp(Z){expl._ (AZ]/IL.)ZJ(COS(z’WfOl‘ + ¢chl
+ ‘Pnuise))}’ ( 1 a)

IchZ(t) = 2IO V’RrefRsamp(Z){eXpl._ (AZZ/l(r)ZJ(COS(ZWfOt + ¢ch2
+ @noise))h (1b)

where [, is a scale factor, /. is source coherence length, R ¢
and Rg,n,, are reflectivity from reference and sample, f, is the
modulation frequency of the phase modulator, @, is the
phase noise in the interferometer due to environmental pertur-
bations, and ¢,; and ¢, are the phase of fringes in refer-
ence and sample paths, Az; is the sample-reference pathlength
difference in channels i=1 or 2. Optical path length change
measured in this study corresponds to magneto-mechanical
tissue surface displacement [Az(7)] in response to a high-
strength magnetic flux density applied to iron-laden tissue and
can be calculated from the differential phase (A¢) and central
wavelength of source light (A\¢=1310 nm),

Ao

—Ag. (2)

A
AZ((1) = ﬁ(%hl = @enp) = e

The two signals recorded from channels 1 and 2 by the
DP-OCT system were used to measure magnetomechanical
tissue surface displacement [ Az,(7)] due to movement of mag-
netic nanoparticles taken up by macrophages. Forward and
reverse bandpass filtering was used for zero-phase distortion
and to eliminate noise from interferometric fringe data. After
data processing, a second-order low-pass Chebyshev type II
digital filter was utilized to eliminate noise from the optical
path length change signal with a stopband ripple 20 dB down
from the peak passband and with cutoff frequency of 30 Hz.
After processing, the root-mean-square level of phase noise of
signals recorded from arterial test specimens was reduced
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from 15 nm to <5 nm. Noise in unfiltered signals was pre-
dominantly at 60 Hz and believed to originate in mechanical
vibration.

2.2 Magnetic Flux Density Generator

A finite element method (FEM) was used to design the mag-
netic flux density generator and evaluate spatial variation of
field strength. The magnetic field generator consists of a so-
lenoid (Ledex 6EC, Saia-Burgess Inc., USA), a function gen-
erator (HP 33120A, Hewlett Packard Inc., USA), a current
amplifier, and power supply. FEM calculations (Maxwell SV,
Ansoft Inc., USA) and teslameter (Magnetometer, Alphalab
Inc., USA) measurement indicated that maximum magnetic
flux density at a distance of 1.5 mm from the tip of the iron
core was 1.8 Tesla. The FEM simulation demonstrated that
an iron core positioned along the centerline of the solenoid
substantially increased (10X ) magnetic flux density at the
target specimen compared to without the core. Magnetic flux
density distributions from the FEM simulation showed the
maximal and principal direction of the magnetic field strength
was along the z direction. The conical iron core provided
focusing and substantially increased the magnetic flux density.

2.3 Iron Nanoparticles

Monocrystalline iron oxide nanoparticles (MIONs) composed
of a monocrystalline iron core with a dextran coating was
used as a magnetic label and were taken up by inflammatory
macrophages in atherosclerotic lesions. The core diameter*” of
these particles is ~5 nm and with the dextran coating is
<40 nm. The reduced diameter of these particles reduces
competitive uptake by the reticulo-endothelial system, in-
creases blood circulation half-life, and allows for increased
phagocytosis by atherosclerotic macrophages.29

2.4 Animal Preparation and Specimen Preparation

All experimental procedures were performed in accordance
with protocols approved by the University of Texas Institu-
tional Animal Care and Use Committee. Four hyperlipidemic
Watanabe rabbits and two double-balloon injured fat-fed New
Zealand white rabbits were included in the study. The Wa-
tanabe is a spontaneous mutation that results in atherosclerotic
disease and does not require fat feeding for plaque develop-
ment. Atherosclerotic plaques may be induced in New
Zealand white rabbits by double-balloon injury and fat feed-
ing, as previously reported by Feldman and coworkers.”’ Two
Watanabe and one New Zealand white rabbits were injected
with MIONs at a dose of 0.2 mmol Fe/kg body weight. This
iron dosage is ~200 times the recommended FDA dosage for
humans; however, this dose is well tolerated in rabbits. The
other three rabbits (two Watanabe and one New Zealand
white) were injected with saline and served as controls.

Each aortic specimen was evaluated ex vivo using DP-
OCT measurement of tissue surface displacement in response
to magnetomotive excitation. After three days following
MION injection, an intravascular bolus of heparin was in-
jected to prevent clot formation and animals were then eutha-
nized with a dose of Phenobarbital. Aortic specimens were
removed, flushed with saline, and cut into 2 X 3-mm?-sized
specimens for DP-OCT measurement.
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2.5 Histology Analysis

After completion of DP-OCT measurements, the rabbit aorta
specimens were fixed in 4% paraformaldehyde for 24 h, and
embedded in paraffin. Arterial cross sections were cut in to
5-pm-thick sections and stained with Prussian blue to iden-
tify iron deposition and RAM-11 for macrophage cell identi-
fication in the atherosclerotic lesions. In aortic specimens
taken from New Zealand white rabbits, in addition to Prussian
blue and RAM-11, alpha smooth muscle actin was used to
identify smooth muscle cells. Positive staining for alpha
smooth muscle actin is a mirror image of RAM-11 and Prus-
sian blue stains and thus serves as a control.

3 Results
3.1  Watanabe Atherosclerotic Aortic Tissue Surface
Displacement

In Watanabe atherosclerotic rabbit tissue, measurements of
peak-to-peak magnetomechanical tissue surface displacement
(Azy) are illustrated (Fig. 1) in ex vivo aorta specimens fol-
lowing intravenous MION (0.2 mmol Fe/kg body weight) or
saline injection. While applying a 2-Hz, 0.25-Tesla input
magnetic flux density to aorta specimens, Az, is 138 nm,
while no tissue surface displacement was observed in saline
control aorta specimens.

Peak-to-peak magnetomechanical tissue surface displace-
ment (Az,) in rabbit aorta specimens (0.2 mmol Fe/kg body
weight) was measured in response to 1 s application of a
swept frequency (1-10 Hz) high-intensity focused magnetic
flux density (Fig. 1, bottom). A swept frequency magnetic flux
density was applied to investigate if the aorta specimen re-
sponded to a variable excitation of 1—10 Hz. With maximum
magnetic flux density of 1.7 Tesla, Az, is 677 nm. Frequency
response of Az (f) in MION aorta specimens was twice the
externally applied modulation frequency (Fig. 1).

Peak-to-peak magnetomechanical tissue surface displace-
ment (Az) in MION atherosclerotic Watanabe aorta
(0.2 mmol Fe/kg body weight) with frequency of the sinu-
soidal magnetic flux density increasing from 2 to 5 Hz in
1-Hz increments is (a) 123, (b) 156, (c) 174, and (d) 177 nm,
respectively (Fig. 2). Increasing the modulation frequency of
the magnetic flux density from 2 to 4 Hz, increased Az, by
30 nm/Hz. Further increases in frequency of the sinusoidal
magnetic flux density did not substantially increase magneto-
mechanical tissue surface displacement [Az(7)].

Quantitative analysis of the experiments in Watanabe
MION aorta specimens using box-and-whisker plots of peak-
to-peak magnetomechanical tissue surface displacement (Az)
versus applied sinusoidal (2 Hz) input voltage (2—-10 V)
with (a) 0.2 mmol Fe/kg MION dose (n=60) and (b) control
specimens (n=20) are shown in Fig. 3. Corresponding mag-
netic flux density for sinusoidal input voltages was 0.25, 0.47,
0.67, 0.87, and 1.10 Tesla, respectively. Compared to MION
aorta specimens, magnetomechanical tissue surface displace-
ment of Watanabe control specimens did not vary with in-
creasing magnetic field; with maximum tissue surface dis-
placement of <20 nm corresponding to the background noise
level.
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Fig. 1 Magnetomechanical tissue surface displacement [Az(?)] in
Watanabe aorta specimens in response to focused magnetic flux den-
sity excitation. Magnetomechanical tissue surface displacement
[Az(D] in 0.2 mmol Fe/kg of MION-laden aorta specimens (2 Hz,
Bax=0.47 Tesla) (top), and magnetomechanical tissue surface dis-
placement [Az(t)] in 0.2 mmol Fe/kg of MION-laden aorta speci-
mens by applying a swept frequency excitation (1-10 Hz) over a 1-s
time period (B,,,=1.70 Tesla) (bottom).

3.2 New Zealand White Aortic Tissue Surface
Displacement

In double-balloon injured fat-fed New Zealand white rabbits,
measurements of peak-to-peak magnetomechanical tissue sur-
face displacement (Az,) are illustrated (Fig. 4) in ex vivo aorta
specimens following intravenous MIONs (0.2 mmol Fe/kg
body weight). While applying a 2-Hz, 0.25-Tesla input mag-
netic flux density to aorta specimens, Az, is 75 nm and
decreases to 51 nm with filtering.

3.3 Histology

Histologic images of aortic tissue sections from a Watanabe
heritable hyperlipidemic (WHHL) rabbit injected with
MIONS at a dose of 0.2 mmol Fe/kg body weight and inter-
rogated with DP-OCT (Az;=80 nm with 2 Hz, B,,,,=0.25
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Tesla) are shown in Fig. 5. Prussian blue stain (a) demon-
strates MION engulfed by superficial macrophages (arrows)
which also stains positive with RAM-11 [(b), arrow], con-
firming these cells are macrophages in intimal hyperplasia.

Histologic images of aortic tissue sections from a double-
balloon injured fat-fed New Zealand white rabbit injected
with MIONs at a dose of 0.2 mmol Fe/kg body weight and
interrogated with DP-OCT (Az,=75 nm with 2 Hz, B,
=(.25 Tesla) are shown in Fig. 6. The section stained with
Prussian blue (left) demonstrates iron oxide present in the
deep intima. The section stained with RAM-11 confirms that
MIONSs are in the macrophages. The section stained with
a-smooth muscle (SM) actin demonstrates SM cells in adja-
cent areas and represents a mirror image of the sections
stained with Prussian blue and RAM-11.

4 Discussion

We have demonstrated a novel quantitative diagnostic detec-
tion modality that uses DP-OCT combined with a high-
intensity focused magnetic flux density to detect macrophages
in ex vivo atherosclerotic tissues that have taken up MIONS.
Use of small-diameter (40 nm) MION magnetic particles al-
lowed longer circulation times, reduced competitive uptake by
the reticulo-endothelial system, and improved delivery to
macrophages in atherosclerotic plaques. Magnetic force act-
ing on the nanoparticles was varied by applying a sinusoidal
or swept-frequency current to a solenoid containing a conical
iron core that substantially increased and focused the mag-
netic flux density on the tissue. Our results suggest that DP-
OCT with nanometer sensitivity allows detection of iron-
laden macrophages in WHHL and New Zealand white rabbits
at doses of 0.2 mmol Fe/kg body weight. Locations of mag-
netomechanical tissue motion measured with DP-OCT were
confirmed with histology to be areas positive for macrophages
which had taken up MION. Although less surface displace-
ment was observed in aortic specimens taken from the New
Zealand double-balloon injured fat-fed animal model and cor-
responding macrophages were deeper, experiments with addi-
tional rabbits are required to confirm statistically observed
differences in the two models.

Preliminary experiments to identify macrophages in coro-
nary arteries of patients using intravascular OCT have been
reported.'*'* However, limitations in the specificity of this
approach to identify macrophages has been noted; for in-
stance, although dark regions in OCT images correlated with
macrophage presence in histology, contributions from other
tissue components, such as calcium, should not be ruled out.
Use of conventional OCT to identify macrophages with high
confidence in plaque lesions and thereby evaluate macrophage
density in vivo may be problematic due to confounding con-
tributions from other tissue components. Magnetomotive
OCT was recently demonstrated to enhance image contrast
using magnetic particles in vivo in tadpoles by measuring op-
tical scattering changes.32 This approach did not provide a
quantitative phase-based measurement of tissue displacement.
Our studies are the first to perform with high confidence cel-
lular identification of tissue-based macrophages and distin-
guish them from other competing plaque components. Ex-
tending these results to detection of plaque associated
macrophages in vivo will require a phase-sensitive OCT
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Fig. 2 Magnetomechanical tissue surface displacement [Az(f)] in MION-laden Watanabe aorta specimens with input frequency ranging from
2 to 5 Hz in 1-Hz increments with MION dose (0.2 mmol Fe/kg body weight). B,,,,=0.47 Tesla.
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Fig. 3 Quantitative analysis of MION Watanabe aorta specimens using box-and-whisker plot of peak-to-peak magnetomechanical tissue surface
displacement (Az,) versus sinusoidal (2 Hz) input voltage with 0.2 mmol Fe/kg MION dose (n=60) (left) and control specimens (n=20) (right).
Edges of rectangular box are the 25th percentile, and 75th percentile, respectively. The central small box indicates the mean, and whiskers show
minimum and maximum values.
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Fig. 4 Magnetomechanical tissue surface displacement [Az(?)] in
New Zealand white rabbit aortic specimens in response to focused
magnetic flux density excitation. Input magnetic field (top); magneto-
mechanical tissue surface displacement [Az,(t)] in 0.2 mmol Fe/kg of
MION-laden aorta specimens (2 Hz, B,,,,=0.25 Tesla) (middle), and
filtered magnetomechanical tissue surface displacement [Az(t)]
(bottom).

system that may be interfaced to an optical fiber catheter.
Because the DP-OCT system utilized in the current study is a
time-domain system with limited signal-to-noise ratio and re-
quires birefringent calcite wedges to vary optical pathlength
difference, in vivo application with a catheter is not feasible.
Frequency response of magnetomechanical tissue surface
displacement [z,(f)] from iron-laden macrophages was twice
the excitation frequency of the input magnetic flux density
(Figs. 1, 2, and 4). The frequency-doubling effect is due to
magnetic force on the nanoparticles being proportional to the
product of magnetic moment and the gradient. The magnetic
flux density induces a magnetic moment in the nanoparticles,
which experience a force proportional to the gradient of the
externally applied field. When magnetic flux density reverses
direction, the induced magnetic moment in the nanoparticle
flips together with the gradient of the external field, producing
a force in the same direction. The result is an oscillatory mo-
tion of the tissue at twice the frequency of the applied field.
Application of a swept frequency (1-10 Hz) magnetic flux
indicates aortic specimens containing nanoparticles respond
dynamically between 1 and 10 Hz (Fig 1, bottom).
Nanoparticles exposed to an external magnetic flux den-
sity, B, have a dynamic response determined by the induced
magnetic moment, m, and viscoelastic properties of the sur-
rounding material. The magnetic moment, m, induced in vol-
ume, V is given by, m=MYV where M is magnetization. The
constitutive relation between nanoparticle magnetization (M)
and the applied magnetic field strength (H) is given by the
Langevin function.”> At low magnetic flux densities, the
Langevin magnetization curve for MIONs is approximately
linear and proportional to magnetic field strength.*® Under
these conditions, magnetic force acting on iron nanoparticles
is proportional to the gradient of the square magnitude of the
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Fig. 5 Histologic images of atherosclerotic Watanabe MION-laden
aorta tissue sections where magnetomechanical tissue surface dis-
placement was measured with DP-OCT (Az,;=80 nm with 2 Hz,
Binax=0.25 Tesla). Prussian Blue (a) and RAM-11 stains (b) at a MION
dose (0.2 mmol Fe/kg body weight) are shown. Adjacent histological
sections indicated in (a) and (b) are 5-um apart and demonstrate
presence of MIONs in macrophages (arrows).

‘g

Alpha SM Actin

RAM-11

Fig. 6 Histologic images of double-balloon injured fat-fed abdominal
aorta from a New Zealand white rabbit. Left: section stained with
Prussian blue for iron; Middle: section stained with RAM-11 for mac-
rophages; Right: section stained for a SM actin for SM cells (i
=intima; m=media).
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magnetic field strength. We assume a sinusoidal magnetic flux
density that is directed principally along the z direction, and
we write

B(x,y,2;1) = sin(27f,0)B.(2)k.

Magnetic force, F, acting on the nanoparticles is

XY

F. =
" 2p

{1 - col22mf, 0B T

where f,, is the modulation frequency of the applied sinusoidal
magnetic field. When the internalized MIONs are contained in
a lysosome, they interact with the cell cytoskeleton, the total
force acting on nanoparticles also includes elastic restoring
(kz,,), and viscous damping (rdz,,/ dt) components. Assum-
ing a Voigt mechanical model™ for the nanoparticle-
cytoskeleton system, the equation of motion is

(?2Z ) r ‘?an kZ 4 v
1y L Xty cos(4mf,1)]
o m oo m  2muyg

oB

XBZ(an)&—;(an) (4)

Here, x, is the magnetic susceptibility and V| is the volume
of the nanoparticle cluster and u, is the permeability of free
space. When the product of the magnetic field and its gradient
does not vary over longitudinal (z,,) positions corresponding
to displacement of the nanoparticle, the forcing term in Eq.
(4) becomes independent of z,,, and an analytic expression for
the sinusoidal displacement [z,,,(f)] of nanoparticles may be
found using Laplace transforms. Maximum amplitude of
nanoparticle displacement in steady state (after the magnetic
field is applied for some time) occurs when wé:wé—(yZ/Z),
where wg=4f, is twice the angular frequency (27f,,) of the
magnetic flux density, and y=r/m is a viscous damping pa-
rameter characteristic of the frictional force of the surround-
ing macrophage cytoplasm on the nanoparticles, and w,
=(k/m)"? is the natural oscillation frequency of the cytosk-
eleton. At high modulation frequencies (wp> w,), amplitude
of nanoparticle displacement diminishes to zero.

To compute the tissue surface displacement in response to
nanoparticle movement in macrophages, one may consider a
cluster of nanoparticles in a lysosome surrounded by the cy-
toskeleton of a macrophage. The force exerted by the nano-
particle cluster on macrophage cytoskeleton is transmitted
elastically to the tissue surface. At maximum displacement of
the nanoparticle cluster, the velocity is zero so that the viscous
force is zero. At this position when the nanoparticle cluster is
stationary and the frequency of the applied magnetic field is
small (<5 Hz), the force provided by the external magnetic
field produces a tissue surface displacement that is approxi-
mately equal to that of a static force as given by Mindlin’s
expression.” To compute an estimate of tissue surface dis-
placement requires values of the elastic modulus and magni-
tude of viscous damping. A better magnetomechanical model
that provides more accurate measurement of tissue surface
displacement might be obtained using a fractional calculus
approach which better simulates the mechanical properties of
the macrophage cellular anatomy.36
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5 Conclusion

In conclusion, we have demonstrated a technique using DP-
OCT for detection of macrophages in WHHL and New
Zealand white rabbit aortic tissues. Frequency response of
tissue surface displacement in response to an externally ap-
plied magnetic flux density was twice the stimulus frequency.
Increasing the magnetic flux density strength increased mag-
netomechanical surface displacement in atherosclerotic speci-
mens containing MIONS. In saline control atherosclerotic tis-
sue specimens, no significant magnetomechanical tissue
surface displacement was observed in response to an exter-
nally applied magnetic flux density. Results of our experi-
ments suggest that further research investigating magneto-
mechanical DP-OCT to detect macrophages containing
magnetic nanoparticles in tissues is warranted.
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