Journal of Biomedical Optics 15(1), 011110 (January/February 2010)

Magnetomotive laser speckle imaging

Jeehyun Kim

Kyungpook National University
Electrical and Computer Engineering
1370 Bukgu San-geok dong

Daegu

South Korea

Junghwan Oh

Pukyong National University
Mechanical Engineering Department
San 100 Yongdang dong, Nam Gu
Busan, 608-739

South Korea

Bernard Choi

University of California, Irvine
Beckman Laser Institute and Medical Clinic
1002 Health Sciences Road East
Irvine, California 92612
and
University of California, Irvine
Department of Biomedical Engineering
3120 Natural Sciences Il
Irvine, California 92697

Abstract. Laser speckle imaging (LSI) involves analysis of reflectance
images collected during coherent optical excitation of an object to
compute wide-field maps of tissue blood flow. An intrinsic limitation
of LSI for resolving microvascular architecture is that its signal de-
pends on relative motion of interrogated red blood cells. Hence, with
LSI, small-diameter arterioles, venules, and capillaries are difficult to
resolve due to the slow flow speeds associated with such vasculature.
Furthermore, LS| characterization of subsurface blood flow is subject
to blurring due to scattering, further limiting the ability of LSI to re-
solve or quantify blood flow in small vessels. Here, we show that
magnetic activation of superparamagnetic iron oxide (SPIO) nanopar-
ticles modulate the speckle flow index (SFI) values estimated from
speckle contrast analysis of collected images. With application of an
ac magnetic field to a solution of stagnant SPIO particles, an apparent
increase in SFl is induced. Furthermore, with application of a focused
dc magnetic field, a focal decrease in SFI values is induced. Magne-
tomotive LSI may enable wide-field mapping of suspicious tissue re-
gions, enabling subsequent high-resolution optical interrogation of
these regions. Similarly, subsequent photoactivation of intravascular
SPIO nanoparticles could then be performed to induce selective pho-

tothermal destruction of unwanted vasculature. © 2010 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.3285612]
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1 Introduction

The method of laser speckle imaging (LSI) involves analysis
of raw speckle reflectance images collected during coherent
optical excitation of an object. Spatial,' temporal,2 and
spatiotemporal3 algorithms are used to convert these images
into maps of speckle contrast. Based on an assumption of the
line shape of the correlation function,4 the speckle contrast
maps are then converted to maps of relative blood flow. Cam-
era exposure time is used to select the flow rate sensitivity and
linear response range of LSI’ and use of multiple exposure
times during data collection can extend this range.’

Previous studies have demonstrated the practical equiva-
lence of LSI and laser Doppler flowmetry (LDF)."” Advan-
tages of LSI instruments over commercial LDF systems in-
clude simultaneous high spatial and temporal resolution, ease
of implementation, and relatively low cost. Due in large part
to these advantages, LSI has been used in a myriad of appli-
cations for blood flow characterization, including: 1. study of
blood flow dynamics associated with laser therapy of the
microvasculature,*° 2. study of blood flow dynamics associ-
ated with focal cerebral ischernia,l’”’12 3. study of arteriolar
and venular flow dynamics in response to optical clearing
agent application,5‘13 and 4. study of tissue biomechanics with
speckle motion tracking.'*
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With appreciable blood flow in superficial vasculature, it is
possible to use LSI images to characterize microvasculature
parameters such as vessel diameter. However, similar to Dop-
pler optical coherence tomography (OCT),">'® an intrinsic
limitation of LSI for resolving microvascular architecture is
that its signal depends on the relative motion of the interro-
gated scatterers (i.e., red blood cells). Hence, with LSI, small-
diameter arterioles, venules, and capillaries are difficult to re-
solve due to the slow flow speeds associated with such
vasculature. Furthermore, LSI characterization of subsurface
blood flow is subject to blurring due to optical scattering,
further limiting the ability of LSI to resolve or quantify blood
flow in small vessels. The presence of static optical scatterers
reduces the accuracy of estimates of the speckle correlation
time associated with the true motion of red blood cells.*!
Collectively, these limitations affect our ability to image the
microvasculature using LSI methods.

Several recent publications describe the use of magneto-
motive methods to increase optical contrast. Anker and
Kopelman18 used a rotating magnetic field to modulate the
emission of exogenous fluorescent nanoprobes. Oldenburg,
Gunther, and Boppart19 published the first demonstration of
magnetomotive OCT. Their data suggested a 30-dB improve-
ment in OCT contrast with magnetic actuation of magnetite
microparticles in an engineered tissue construct. In a
follow-up publication, Oldenburg et al.”” employed a Xenopus
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Fig. 1 Experimental setups used to (a) increase and (b) decrease mo-
tion of SPIO particles. For all experiments, we used a 633-nm HeNe
laser as the coherent source and a 12-bit cooled CCD camera to
image the remitted speckle pattern. (a) To increase SPIO particle mo-
tion, we used a horseshoe-shaped magnet to excite a capillary tube
filled with SPIO particles, with an ac magnetic field. (b) To decrease
SPIO particle motion, we used a solenoid-based magnetic field gen-
erator to induce a focused dc magnetic field within one branch of a
Y-shaped channel. We used an infusion pump to induce ordered SPIO
particle motion through the channel.

laevis model to demonstrate the potential in vivo application
of magnetomotive OCT. Oh et al 2 employed magnetomo-
tive ultrasound and OCT to study macrophage recruitment in
tissue. Kim et al.??* employed magnetomotive principles to
modulate the signal associated with Doppler OCT and hence
the detectability of subsurface scatterer flow. Aaron et al.”’
employed targeted nanoparticles to improve optical contrast
of cells expressing epidermal growth factor receptor. Jing et
al.” used cell magnetophoresis to quantify the uptake of su-
perparamagnetic iron oxide (SPIO) particles tagged with
transfection agents. Such agents are used to improve the
specificity of SPIO integration into targeted cells.

We present a novel extension of the magnetomotive ap-
proach by modulating the Doppler shift to improve magnetic
nanoparticle contrast in LSI. Contrast in LSI images is en-
hanced by activating mechanical motion of the nanoparticles
with an externally applied, high-strength magnetic field gra-
dient. We describe the magnetomotive laser speckle imaging
(MM-LSI) experimental setup and present LSI images of
flowing superparamagnetic iron oxide (SPIO) nanoparticles
under the influence of an externally applied magnetic field
gradient.

2 Materials and Methods
2.1 Laser Speckle Imaging Instrument

The LSI instrument consists of a 633-nm HeNe laser and
charge-coupled device (CCD) camera (Fig. 1). The laser was
transmitted through a fiber optic cable coupled to a computer-
controlled attenuator and finally focused to a spot size of
4 mm diameter. The resultant speckle pattern was imaged
with a 12-bit monochrome CCD camera (Retiga EXi, QIm-
aging, Surrey, British Columbia, Canada) equipped with a
90-mm Elicar macrolens. To maximize speckle contrast, the
f/number of the lens was set to achieve a minimum speckle
size equal to the width of approximately two camera pixels
(individual pixel pitch=6.5 um).”’ All image acquisition and
data processing were done using custom LabVIEW software
(Version 7.1, National Instruments, Austin, Texas).
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2.2 Flow Phantoms

Capillary tube. For magnetomotive LSI experiments with an
ac magnetic field, a capillary tube (inner diameter of 500 wm)
filled with SPIO nanoparticles (see next section) was used as
the test substrate.

Microfluidic chip. For magnetomotive LSI experiments with
a dc magnetic field, a commercially available microfluidic
slide (Model SCS0105, thinXXS Microtechnology AG,
Zweibriicken, Germany) was used as the test substrate. The
channel had a cross section of 300 um throughout its entire
length. With a syringe-based displacement pump (Pump 11
Plus, Harvard Apparatus, Holliston, Massachusetts), a mixture
of rabbit blood infused with heparin (anticoagulant) and the
SPIO nanoparticles (10:1 ratio by volume) was pumped
through the channel. Software written in LabVIEW (Version
7.1, National Instruments, Austin, Texas) was used to control
the pump.

Iron oxide nanoparticles. Colloidal suspensions of super-
paramagnetic iron oxide (SPIO) nanoparticles are tissue-
specific MRI contrast agents approved in 1996 by the United
States Food and Drug Administration (FDA) for human use.
Mean core diameter of these particles is 20 nm and total ag-
gregation diameter is about 100 nm. SPIO nanoparticles con-
sist of nonstoichiometric magnetite crystalline cores, iron, and
a dextran T-10 coating that is used to prevent aggregation and
provide stabilization in the liver. Feridex I1.V. SPIO nanopar-
ticles (Advanced Magnetics, Incorporated, Cambridge, Mas-
sachusetts) with a 5-nm core diameter and dextran coating
giving a nominal 100 nm diameter were used in all experi-
ments. The prepared nanoparticle solution consisted of 50-mL
5% dextrose solution and 1-mL pure Feridex 1.V. with a con-
centration of 0.67 10'2 iron particles/ul (1.12-ug
iron/uL).%®

Magnet. A solenoid coil (manufacturer Ledex, part number
4EF) with a cone-shaped ferrite core at the center and driven
by a current amplifier supplying up to 960 W was placed
underneath the sample during LSI. The combination of the
core and solenoid, using high power operation, dramatically
increased the magnetic field strength (B,x=1T and field
gradient of 220 T/m) at the tip of the core, and also focused
the magnetic force on the targeted samples. The magnetic
force applied to the capillary tube was varied by a sinusoidal
current to induce SPIO nanoparticle movement.

2.3 Methods

2.3.1 General data collection protocol

After adjusting the pump settings, we activated the pump.
After ~10 s, we manually initiated collection of a sequence
of raw speckle images. Based on preliminary experiments, we
determined empirically that 10 s was a sufficient period of
time to achieve a steady flow rate.

2.3.2  Magnetomotive laser speckle imaging

For these experiments, we used a solution of SPIO nanopar-
ticles as the medium, and we fixed the image exposure time at
10 ms. Prior to activation of the magnet, we collected a se-
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Fig. 2 An ac magnetic field can increase the apparent SFI of an oth-
erwise stagnant solution of SPIO particles. Negative control experi-
ments involving (a) and (b) paper and (c) and (d) milk demonstrate
that activation of the magnet alone is insufficient to change the appar-
ent SFI. (e) and (f) Experiments with SPIO particles demonstrate that
the apparent SFl increases with application of the oscillating magnetic
field.

quence of ten raw speckle images as described before. After
manual activation of the magnetic field, we collected a second
sequence of ten raw speckle images.

2.3.3 Data analysis

After data collection, each image was converted to a speckle
contrast image using a 7 X7 sliding window operator, as de-
scribed previously.29 With the simplified speckle imaging
equation presented independently by both Cheng and Duong™
and Ramirez-San-Juan et al.,”' each speckle contrast image
was converted to a speckle flow index (SFI) map:

SFI(i,j ! !
)= = i

where (i,j) are the pixel coordinates in the image, 7, is the
speckle decorrelation time [s], 7 is the exposure time [s], and
C(i,j) is the speckle contrast at pixel (i, ). Briers’ proposed
that 7. is equivalent to the correlation time extracted from
dynamic light scattering measurements. Dunn et al.' present
empirical data that strongly suggest that SFI values are
equivalent to the perfusion units associated with laser Doppler
flowmetry. The data presented in this work represent an aver-
age of 10 SFI images.

3 Results and Discussion

Application of an ac magnetic field to a piece of paper [Figs.
2(a) and 2(b)] or to a solution of milk [Figs. 2(c) and 2(d)]
does not have a perceivable effect on the SFI images. In con-
trast, with application of an ac magnetic field to a solution of
stagnant SPIO particles, an apparent increase in SFI can be
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Fig. 3 A dc magnetic field can decrease ordered SPIO particle motion
in an in vitro flow phantom. (a) In the absence of the magnetic field,
SPIO particle flow is observed in both branches of the Y-shaped mi-
crofluidic channel. (b) After application of a dc magnetic field for less
than one second, a marked decrease is observed in SPIO patrticle flow
through the left portion of the Y-shaped channel.

induced [Figs 2(e) and 2(f)]. With our specific configuration,
we observed a ~3 X increase in SFI values after the magnet is
activated. A nonuniform SFI pattern was observed because the
magnetic field intensity is inversely proportional to the square
of the distance between the tip of the probe and a specified
lateral position away from the tip.

With application of a focused dc magnetic field, a decrease
in SFI can be induced. Prior to activation of the magnet, or-
dered flow (volumetric flow rate of 1 mL/min) of the SPIO
solution was evident in both branches of the Y-shaped channel
[Fig. 3(a)]. After activation of a dc magnetic field within the
left-hand branch, the SFI values in that branch were reduced
to the level of the background [Fig. 3(b)]. The SFI values in
the right-hand branch increased by only ~20%, which was
unexpectedly low, given the relatively large decrease in SFI
values in the left-hand branch. We currently postulate that this
unexpected finding may be due to one of several phenomena,
including perturbation of the ordered flow velocity distribu-
tion in the right-hand branch and/or increased flow resistance
in the microfluidic chip, leading to suboptimal performance of
the infusion pump and hence lower-than-expected flow rates.

Collectively, our in vitro experimental data demonstrate
that magnetic activation of nanoparticles can modulate
speckle contrast values, and hence SFI values. Specifically, ac
and dc magnetic fields can increase (Fig. 2) and decrease (Fig.
3), respectively, SFI values.

These results have broader implications for in vivo diag-
nostic and therapeutic applications. Oh et al. previously dem-
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onstrated that magnetic activation of monocrystalline iron ox-
ide nanoparticles contained within macrophages can enhance
ultrasound®' and OCT image contrast.”> With judicious selec-
tion of magnetic field parameters, it may be possible to en-
hance wide-field speckle contrast and hence detectability of
tumors. Tumor blood flow typically is sluggish and thus is
capable of inducing only a minor decrease at best in speckle
contrast. With infusion of SPIO nanoparticles into the circu-
latory system and subsequent activation with an ac magnetic
field, we expect an appreciable decrease in speckle contrast
would result. Use of surface markers, such as monoclonal
antibodies, to enable molecular targeting of specific receptors
(i.e., epidermal growth factor receptorzs) is expected to pro-
vide a mechanism for SPIO or similar nanoparticles to local-
ize specifically within cancer cells, and hence provide an ad-
ditional source of specific speckle contrast reduction with
magnetic activation. Furthermore, with both lateral and longi-
tudinal translation of the applied ac magnetic field, it may be
possible to achieve some degree of 3-D mapping of tissue
blood flow.

With application of a dc magnetic field, we were able to
shut down flow in one branch of a microfluidic channel (Fig.
3). It may be possible to use this approach to improve on
light-based strategies designed to induce selective coagulation
of blood vessels. For example, after infusion of the circulation
with SPIO nanoparticles, a clinician could use a combination
therapy protocol employing light-based therapy [i.e., pulsed
dye laser (PDL) or photodynamic therapy] with preceding or
ensuing activation of the SPIO particles with a dc magnetic
field. Vargas, Barton, and Welch®? have demonstrated that a
combined glycerol-PDL therapeutic protocol results in signifi-
cantly enhanced acute shutdown of blood flow. Several previ-
ous studies” " including one from our group,’ have demon-
strated that glycerol diminishes considerably blood flow in
arterioles, venules, and capillaries. Hence, we expect to ob-
serve a similar outcome with SPIO particle activation.

We previously have demonstrated that magnetic activation
of hemoglobin®™ and SPIO nanoparticles’ can enhance the
vascular contrast of Doppler optical coherence tomography.
Although activation of hemoglobin is attractive due to its en-
dogenous nature, activation of exogenous SPIO nanoparticles
is expected to be a more feasible method for in vivo applica-
tions due to the large difference in magnetic susceptibility
between hemoglobin and SPIO (107% and 1, respectively)."”
Since LSI is a wide-field imaging modality, the combination
of it with activation of intravascular SPIO nanoparticles may
enable lateral mapping of suspicious tissue regions, followed
by high-resolution optical interrogation of these regions, as a
form of image-guided microscopy. Subsequent photoactiva-
tion of the intravascular SPIO nanoparticles could then be
performed to induce selective photothermal destruction of un-
wanted vasculature.” Further in vitro optimization studies and
in vivo studies of magnetomotive LSI are warranted.
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