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Abstract
The objective of this paper is to present two methods to extend the response range of laser speckle
imaging (LSI). We report on the use of two methods (image exposure time control and
magnetomotive actuation of exogenous contrast agents) to enhance characterization of high- and
low-flow vasculature, respectively. With an exposure time of 10 and 0.01 ms, the linear response
range extended to 10 and 280 mm/s, respectively. With application of an AC magnetic field to a
solution of stagnant SPIO particles, an apparent increase of ~3× in speckle flow index was
induced.

I. Introduction
Laser speckle imaging (LSI) is a simple, noncontact method, used primarily in small-animal
imaging studies to characterize blood flow dynamics associated with the microvasculature
[1-11]. Experimental comparisons of LSI with laser Doppler flowmetry (LDF) have
demonstrated equivalency of the two methods [1, 7, 9]. Similar to LDF, LSI data are
typically reported as percent change from baseline, and hence rely on the assumption that a
linear response range exists between cerebral blood flow and the reciprocal of the speckle
decorrelation time. Previous data by several groups [10, 12] support use of this assumption

The linear response range of LSI depends on the image exposure time [10]. With
conventional exposure times of 1 to 10 ms, this range can cover blood flow rates
characteristic of arterioles and venules. To date, the limits of the linear response range have
not been reported. For example, can the range be extended to rates characteristic of human
cerebral vasculature?

Optical scattering diminishes the ability of LSI to enable visualization of subsurface
microvasculature. In hypervascularized human skin, we instead visualize regions of tissue
perfusion instead of individual blood vessels [13]. We encounter a similar outcome with LSI
of subsurface tumor vasculature (unpublished data). Implementation of a method to enhance
motion of intravascular particles would enhance LSI-based detection of low-flow
vasculature.
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The objective of this paper is to present two methods to extend the response range of LSI.
We hypothesized that a decrease in image exposure time to sub-mm values, would enable
extension of the linear response range to higher flow rates. Furthermore, based on previous
studies using magnetic actuation of nanoparticles [14-18], we hypothesized that similar
methodology would enhance the ability of LSI to visualize low-flow vasculature.

II. MATERIALS AND METHODS
A. LSI Instrument

The LSI instrument consists of a 633-nm HeNe laser and CCD camera. The laser was
transmitted through a fiberoptic 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, QImaging, Surrey, British Columbia,
Canada) equipped with a 90-mm Elicar macro lens. To maximize speckle contrast, the f/# 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 μm) [19]. All image acquisition and data
processing were done using custom LabVIEW software (Version 7.1, National Instruments,
Austin, TX).

B. Flow Phantoms
1) Silicone Flow Phantom—To simulate superficial blood flow in biological tissue, a
solid epoxy phantom was synthesized. Titanium dioxide particles suspended in the epoxy
were used as scatterers. A glass capillary tube (1 mm inner diameter) was embedded at the
surface of the phantom to mimic a blood vessel. With a syringe-based displacement pump
(Pump 11 Plus, Harvard Apparatus, Holliston, MA), rabbit blood infused with heparin
(anticoagulant) was pumped through the capillary tube. Software written in LabVIEW
(Version 7.1, National Instruments, Austin, TX) was used to control the pump.

2) Capillary Tube—For the magnetomotive LSI experiments, a capillary tube (inner
diameter of 500 μm) filled with nanoparticles (see next section) was used as the test
substrate.

C. Iron Oxide Nanoparticles
Colloidal suspensions of superparamagnetic 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 aggregation diameter is about 100 nm. SPIO nanoparticles consist 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 I.V. SPIO nanoparticles
(Advanced Magnetics, Inc.) with a 5nm core diameter and dextran coating giving a nominal
100 nm diameter were used in all experiments. The prepared nanoparticle solution consisted
of 50 mL 5% dextrose solution and 1 mL pure Feridex I.V. with a concentration of
0.67×1012 iron particles/μL (1.12 μg iron/μL) [20].

D. 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 (Bmax=1 T and field gradient of
220 T/m) at the tip of the core and also focused the magnetic force on the targeted samples.
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The magnetic force applied to the capillary tube was varied by a sinusoidal current to induce
SPIO nanoparticle movement.

E. Methods
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) High-flow rate experiments—Image exposure times of 10, 1, 0.1, and 0.01 ms were
used. For reference, typical exposure times of 5 to 15 ms are reported in the peer-reviewed
literature [1, 10, 21]. The range of average blood flow rate was dependent on the exposure
time: 0-40 mm/s at T = 10 ms, 0-75 mm/s at T=1 ms, and 0-280 mm/s at T = 0.1 and 0.01
ms. For each exposure time, the flow rate was increased from zero flow conditions to the
maximum value. For each pair of flow velocity and exposure time, a sequence of five raw
speckle images was collected at 18 frames per s.

3) Magnetomotive LSI—For these experiments, we used a solution of SPIO nanoparticles
as the medium, and we fixed the image exposure time at 10 ms. Prior to activation of the
magnet, we collected a sequence of raw speckle images as described above. After manual
activation of the magnetic field, we collected a second sequence of raw speckle images.

4) Data analysis—After data collection was complete, each image was converted to a
speckle contrasθt image using a 7×7 sliding window operator, as described previously [22].
With the simplified speckle imaging equation presented independently by both Cheng and
Duong [11] and Ramirez-San-Juan et al. [23], each speckle contrast image was converted to
a speckle flow index (SFI) map:

where (i,j) are the pixel coordinates in the image, τc is the speckle decorrelation time [s], T
is the exposure time [s], and C(i,j) is the speckle contrast at pixel (i,j). Briers [24] proposed
that τc is equivalent to the correlation time which is extracted from dynamic light scattering
measurements. Dunn et al. [1] present empirical data which strongly suggest that SFI values
are equivalent to the perfusion units associated with laser Doppler flowmetry.

For the high-flow-rate experiments, each set of five SFI images was averaged to compute a
mean SFI image. From each mean SFI image, the SFI values within a 30 × 100 (0.2 mm ×
0.65 mm) pixel region of interest from the center of the capillary tube were averaged.
Hence, the effective frame rate was 3.6 frames per s (~280 ms temporal resolution).

III. RESULTS AND DISCUSSION
A. Characterization of High Blood Flow Rates

We analyzed LSI data collected from the flow phantom, with the independent variables
being flow velocity and camera exposure time. With an exposure time of 10 ms, there was a
linear relationship (R2 = 0.98) between SFI values and flow velocity over 0 to 10 mm/s
(Figure 1). At a flow velocity greater than 10 mm/s, the response was nonlinear and noise
effects become very prominent. With an exposure time of 0.01 ms, the linear response range
(R2 = 0.99) extended to 280 mm/s. It is important to note that this upper bound was due to
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hardware limitations of our flow phantom and not necessarily due to limits of the LSI
instrument. However, for an exposure time of 0.01 ms, sensitivity to the lower velocities
was diminished. Specifically, for an exposure time of 0.01 ms, our instrument was
insensitive to flow rates less than 10 mm/s.

In humans, the diameter of pial arteries is 200 to 1200 μm [25] and the diameter of middle
cerebral arteries is ~3000 μm [26]. For a group of 10 children, the flow velocity of the
middle cerebral artery was measured as 690 mm/s [27]. Our in vitro data suggest that with
use of a 0.01 ms exposure time, the LSI linear response range can extend out to flow speeds
of at least 280 mm/s. Due to instrumentation limitations, we unfortunately were unable to
evaluate the degree of linearity present between SFI values and flow speed, at faster speeds.
Nevertheless, our data suggest the possibility of quantitative characterization of flow
dynamics in the middle cerebral artery of pediatric patients and in human pial arteries. Such
characterization may complement current methods which employ near-infrared imaging to
study brain surface hemodynamics in children during neurosurgical procedures such as
bypass surgery [28].

B. Magnetomotive LSI
With application of an AC magnetic field to a solution of stagnant SPIO particles, an
apparent increase in SFI can be induced [Figure 2(A,B)]. With our specific configuration,
we observed a ~3× increase in SFI values after the magnet is activated.

These results have broader implications for in vivo diagnostic and therapeutic applications.
Oh et al. previously demonstrated that magnetic activation of monocrystalline iron oxide
nanoparticles contained within macrophages, can enhance ultrasound [17] and OCT image
contrast [18]. With judicious selection of magnetic field paramameters, it may be possible to
enhance 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 circulatory system and subsequent
activation with an AC magnetic field, we expect that 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 receptor [16], is
expected to provide a mechanism for SPIO or similar nanoparticles to localize specifically
within cancer cells and hence provide an additional source of specific speckle contrast
reduction with magnetic activation.
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Fig. 1.
Camera exposure time affects the linear response range of LSI. Raw speckle images
collected from an in vitro blood flow phantom were converted to speckle contrast (not
shown here) and ultimately to SFI images. Mean SFI values were computed from a ROI
within the lateral boundaries of the flow tube. With typical exposure times of (A) 10 1 ms, a
linear response range of 0 to 10 mm/s was achieved. With a further reduction in exposure
time to (B) 0.01 ms, the linear response range was extended to 280 mm/s. Note that this 280
mm/s upper limit was imposed by our experimental setup.
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Fig. 2.
Representative data from experiments involving magnetic actuation of SPIO nanoparticles.
(A) Speckle flow index (SFI) image in absence of magnetic field. (B) Speckle flow index
image after activation of AC magnetic field, with a clear increase in SFI values.
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