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1 Introduction

Abstract. Noninvasive blood flow imaging can provide critical infor-
mation on the state of biological tissue and the efficacy of approaches
to treat disease. With laser speckle imaging (LSI), relative changes in
blood flow are typically reported, with the assumption that the mea-
sured values are on a linear scale. A linear relationship between the
measured and actual flow rate values has been suggested. The actual
flow rate range, over which this linear relationship is valid, is un-
known. Herein we report the linear response range and velocity dy-
namic range (VDR) of our LSI instrument at two relevant camera in-
tegration times. For integration times of 1 and 10 ms, the best case
VDR was 80 and 60 dB, respectively, and the worst case VDR was 20
and 50 dB. The best case VDR values were similar to those reported
in the literature for optical Doppler tomography. We also demonstrate
the potential of LSI for monitoring blood flow dynamics in the rodent
dorsal skinfold chamber model. These findings imply that LSI can
provide accurate wide-field maps of microvascular blood flow rate
dynamics and highlight heterogeneities in flow response to the appli-

cation of exogenous agents. © 2006 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.2341196]
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provide equivalent assessments of blood flow.
With LSI, relative changes in blood flow are typically re-

Noninvasive blood flow imaging can provide critical informa-
tion on the state of biological tissue and the efficacy of ap-
proaches to treat disease. Fluorescein angiography is used
routinely to study blood flow dynamics in the retina.' Laser
Doppler flowmetry and laser Doppler imaging have been ap-
plied in numerous preclinical and clinical studies on the
brain,>* retina,™” skin,*’ and joints.8 Principles of Doppler
shift imaging have been combined with optical coherence to-
mography to provide high-resolution cross-sectional images
of blood flow.” ™"’

In 1981, Fercher and Briers'® proposed a laser speckle im-
aging (LSI) approach as an alternative to laser Doppler imag-
ing. On the basis of this study, it was concluded that varia-
tions in speckle contrast can be used to provide directly a
wide-field velocity distribution map. LSI has since been em-
ployed for wide-field blood flow imaging of the brain,>'**
retina,'®* and skin,***?® with high temporal resolution.
Briers®” has demonstrated that LSI and laser Doppler imaging
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ported, with the assumption that the measured values are on a
linear scale. A linear relationship between the measured and
actual flow rate values has been suggested.z‘19 The actual flow
rate range over which this linear relationship is valid is un-
known. Knowledge of the relationship between measured and
actual blood flow values is important because researchers
would then know to which in vitro and in vivo flow models
LSI could be applied to quantify relative flow changes.

The primary objective of this paper is to provide insight
into the relationship between LSI measurements of speckle
flow index with actual flow rate. The secondary objective is to
demonstrate application of LSI to an in vivo rodent dorsal
skinfold model and to show its potential as a wide-field mi-
crovascular imaging modality in a widely used animal model.
Based on the analysis of Yuan et al.,” the central hypothesis
was that image integration time would affect the overall ve-
locity dynamic range and signal-to-noise ratio of LSI.
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2 Materials and Methods

2.1 Relationship Between Speckle Flow Index and
Actual Flow Rate

The objective of this study was to establish the actual flow
rate range over which a linear relationship existed with mea-
sured speckle flow index (SFI). To accomplish this objective,
we developed a simple in vitro flow phantom to simulate
blood flow in the rodent dorsal skinfold model. In the accom-
panying experiments, we varied flow rate and camera integra-
tion time.

2.1.1  Experimental Design

LSI instrument. The instrument consists of a 30-mW, 633-nm
helium-neon laser (Edmund Industrial Optics, Barrington,
New Jersey), plano-convex lens, beam steering mirrors, digi-
tal charge-coupled device (CCD) camera (Retiga EXi, QIm-
aging, Burnaby, British Columbia, Canada) equipped with a
macro lens, and desktop Personal Computer (PC). Collimated
light emitted from the laser became divergent after passing
through the lens. To make the instrument more compact, mir-
rors were used to steer the diverging beam to the target plane.
The resultant speckle pattern was imaged on the CCD array at
1:1 magnification and acquired to the PC memory. The f-stop
of the macro lens was set to ensure a speckle size equivalent
to the pixel dimensions (6.45 X 6.45 um?) of the camera.

In vitro flow phantom. To generate scattering agar gels, we
heated a solution consisting of 100 mL of deionized water
and 10 mL of glycerol to boiling. Glycerol was used to im-
prove the mechanical integrity of the resultant gels. We added
simultaneously 0.3 g of TiO, (Sigma, St. Louis, Missouri)
and 2 g of agar to the heated solution. The former was used to
increase the scattering coefficient of the otherwise clear gels,
and the agar added was deemed appropriate to simulate the
reduced scattering coefficient of skin, based on previous fre-
quency domain photon migration experiments.”® The solution
was then poured into various molds (e.g., Petri dishes, sand-
wiched glass slides) to achieve the desired thickness (150 um
to several millimeters) and allowed sufficient time to solidify.
In specific gels, an ~550-um inner diameter glass capillary
tube (Chase Instruments Corp., Glen Falls, New York) was
embedded into the mold prior to solidification. A syringe-
based infusion pump (Harvard Apparatus, Holliston, Massa-
chusetts) was used to inject fluid into the flow tube. Tygon
tubing delivered the fluid from the filled syringe mounted on
the pump to the tube embedded in the gel. Five hundred mL
of indated whole blood was obtained from the San Diego
Blood Bank (San Diego, California) and used in this study.

Experiments. The infusion pump was set to achieve flow rates
up to 21 mm/s. The flow phantom tube was imaged with the
LST instrument. Camera integration times of 1 and 10 ms
were selected as representative values based on those used in
previous studies. %9252

LSl image analysis. The image processing algorithm has
been described previously in detail > Briefly, the recorded
image sequence was converted to speckle contrast images by
applying a 7 X 7 sliding window to each 1392 X 1040 image.
Although the 7 X7 sliding window reduces the spatial reso-
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lution of our system, such a technique is necessary to preserve
the assumption of first order speckle statistics.”” Because the
resultant speckle contrast image is essentially oversampled,
relatively high spatial frequency details remain preserved in
the speckle contrast and subsequent flow images. At each win-
dow position, the mean graylevel intensity ({/)) and standard
deviation (o) were determined, and the speckle contrast (K)
of the center pixel in the window can be computed as

=0

Assuming a Lorentzian flow velocity distribution,” the corre-
lation time (7,) of the intensity fluctuations can be calculated
from:

K (1)

T.
K= —L[l —exp(=2T/7)] (. (2)
2T ‘

where T is the camera integration time. Maple™ software
(Maplesoft, Ontario, Canada) was used to obtain an analytic
series expansion for 7. as a function of K, for the values of T’
used in this study. Relative flow images were obtained by
calculating 1/ 7, at each image pixel; a higher pixel value was
assumed to be analogous to higher blood flow.

Because we were not concerned with real-time speckle
flow imaging in this study, we performed the image process-
ing offline. We selected a central ~260 X 260 um? (i.e., 40
X 40 pixels) region of interest and computed the mean SFL
We then determined the mean SFI from images acquired at an
actual flow rate of zero, corresponding to a background con-
tribution from Brownian motion of scatterers. For further
analysis, we used the difference between mean SFI values at
nonzero actual flow rates and the background values.

2.2 In Vivo Application of LSI

The objective of this study was to demonstrate in vivo appli-
cation of LSI. To accomplish this objective, we applied
chemical agents to the microvascular network of the rodent
dorsal skinfold chamber model.”>”*~’

2.2.1 Experimental Design

Rodent dorsal skinfold chamber model. Surgical installation
of a dorsal skinfold window permitted observation of full-
thickness skin from both the epidermal and subdermal sides
(Fig. 1). The animal was anesthetized with a combination of
Ketamine and Xylazine (4:3 ratio, 0.1 g/100 g body weight)
administered by intraperitoneal injection. A section for win-
dow placement on the back of the animal was selected, sur-
gically scrubbed, shaved, and depilated. Sutures attached to a
temporary mount retracted the dorsal skin away from the ani-
mal’s body. A circular section with an approximate diameter
of 1 cm was cut from one side of the symmetrical skinfold,
thus exposing blood vessels in the underlying skin. An alumi-
num chamber was sutured to both sides of the skin and the
sutures cut to release the skin from the mount. To prevent
dehydration, saline was applied periodically to the subdermal
skin. The surgery was performed as defined in a protocol ap-
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Fig. 1 Representative subdermal image of a dorsal skinfold window
chamber preparation.

proved by the University of California, Irvine, Animal Use
Committee.

Chemical agents. We were interested in studying microvas-
cular flow during the application of a recently developed
polyurethane agent designed to reduce temporarily optical
scattering in biological tissues such as skin.*® The agent was
applied directly to the subdermal microvascular network and
LSI images acquired over a 15-min period from the subder-
mal side. Due to lateral diffusion of the agent away from the
imaged microvascular network after application, the agent
was reapplied on a regular basis during the image acquistion
period. In separate experiments, each on a different animal,
phosphate buffered saline and 13.6 M glycerol were applied
as negative and positive controls, respectively, for inducing
microvascular flow changes.
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Image acquisition and processing. Raw speckle images
were acquired and SFI images computed as described above.
White light reflectance images were also acquired to serve as
anatomical reference images. To visualize changes in blood
flow induced by agent application, the SFI images were con-
verted to binary images using the iterative selection method.*
This automated method was used to determine a threshold SFI
value based on an initial estimate SFI,. The mean SFI values
of all pixels below (SFI,,,,,,,) and above (SFI,,,.) SFI, were
calculated and a new estimate SFI,,,, computed as the arith-
metic mean of SFl,,,, and SFI,,,,.. This process was re-
peated with each new estimate until SFI,,,, was equal to
SFIabove'

With each experiment, a threshold SFI value was deter-
mined for the SFI image acquired immediately after agent
application and was applied to binarize SFI images acquired
at later time points. To visualize better arteriolar and venular
blood flow dynamics, the binary SFI images were superim-
posed on the corresponding white light anatomical images.

3 Results

Camera integration time impacts the relationship
between measured SFls and actual flow rate (Fig. 2).
With an increase in integration time from 1 to 10 ms, the
following trends were observed with the in vitro flow phan-
tom: (1) the linear response range decreased from 2 to
20 mm/s, to 0 to 5 mm/s; (2) the best case velocity resolu-
tion, defined as the reciprocal of the slope of a linear fit to the
data, decreased from 2 to 5 um/s; and (3) as shown by the
correlation coefficient of the linear fits, the amount of scatter
in the data decreased. Collectively, these data provide us with
knowledge on the actual flow rate range over which our LSI
instrument has a linear response.
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Fig. 2 Effect of camera integration time on the linear response range between SFl and actual flow rate. Data acquired with integration times of (a)
1 and (b) 10 ms are presented. The data show that an increase in integration time decreases the linear response velocity range and velocity
resolution and increases the linear regression fit to the discrete data points. In (a), the full set of acquired data is shown, and the linear fit is restricted

to actual flow rate values of 2 to 20 mm/s.
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Fig. 3 Representative (a) white light reflectance, (b) SFI, and (c) su-
perimposed white light-binary SFI images of the microvascular net-
work in the rodent dorsal skinfold chamber. Image dimensions are 9
X 6.8 mm?.

Wide-field, arteriolar, and venular blood flow dynamics
are readily monitored during exogenous chemical

agent application. Representative white light, SFI, and su-
perimposed white light-binary SFI images of the rodent dor-
sal skinfold window chamber are shown in Fig. 3. A good
correspondence between visible blood vessels is evident from
a comparison of the white light and SFI images and in the
superimposed image. By applying the same threshold SFI
value to all images acquired in a time-resolved sequence,
blood flow dynamics are readily visualized in a qualitative
fashion. With direct application of saline (i.e., negative con-
trol) to the microvascular network for 16 min, a slight in-
crease in blood flow was observed, primarily in the smaller
arteriolar and venular branches (Fig. 4). With direct applica-
tion of glycerol (i.e., positive control) to the microvascular
network, a gradual decrease in blood flow was observed (Fig.
5). From the superimposed white light-binary SFI image, we
observed an immediate decrease in venular flow and a de-
layed decrease in arteriolar flow (between 12 and 16 min after
glycerol application). With direct application of the polyure-
thane agent to the microvascular network, a slight increase in
blood flow was observed in the smaller vessel branches (Fig.
6), similar to that observed with saline application. Collec-
tively, these data demonstrate the potential of LSI to allow
wide-field monitoring of heterogeneous blood flow dynamics.

4 Discussion

We are primarily interested in studying hemodynamics in in
vivo microvascular network animal models, such as the dorsal
skinfold window chamber preparation. Before we could use
LSI reliably as a quantitative tool to assess blood flow in these
models, we first needed to study the relationship between SFI
and actual flow rate. In this study, we identified a range over
which the relationship is linear, for two commonly used cam-
era integration times. Specifically, we have shown that, for
integration times of 1 and 10 ms, the linear relationship holds
for flow rates of 2 to 20 and 0 to 5 mm/s, respectively (Fig.

2). There is slightly more scatter in the 1-ms integration time
data than that at 10 ms and hence more deviation from the
linear regression fit. A similar trend in improved speckle
contrast-to-noise ratio was observed by Yuan et al.?!

Our data suggest that camera integration time should be
selected with the anticipated velocity range to be evaluated.
Vargas et al.” used optical Doppler tomography to measure
blood flow velocities of ~4 mm/s in arterioles and venules
in the rodent dorsal skinfold model. From blood flow rates
measured in arterioles and venules of the rodent cranial win-
dow model, velocities of less than 5 mm/s were anticipated.32
To ensure that a linear relationship is maintained between
measured speckle flow index values and actual flow rate, our
data suggest an integration time of approximately 10 ms
should be used to monitor flow rate dynamics directly in ar-
terioles and venules. From the analysis of Yuan et al,” the
speckle contrast to noise ratio is only ~8% less at an integra-
tion time of 10 ms than the maximum ratio at 5 ms, which we
believe is an acceptable compromise to ensure measurements
are acquired over a linear response range.

The data obtained in this study can be used to estimate a
velocity dynamic range (VDR) for our LSI instrument'®

1%
VDR =20 log(A‘Z/ ) (3)

Z

where VDR is in units of decibels, V, is the velocity range,
and AV, is the velocity resolution. It is instructive to study
two VDR limits, focusing on the linear response velocity
range only: best case [i.e., AV, equals the inverse of the slope
of the regression line between SFI and actual flow rate (Fig.
2)]; and worst case (i.e., AV, equals the quotient of the largest
deviation from the regression line and the slope of the line).
For integration times of 1 and 10 ms, the best case VDR is 80
and 60 dB, respectively, and the worst case VDR is 20 and
50 dB. The best case VDR values are similar to those re-
ported by Yang et al.'® for their optical Doppler tomography
system. Thus, for blood flow characterization in superficial
vessels such as those found in the rodent dorsal skinfold
chamber, chick chorioallantoic membrane, and rodent cranial
window, the performance of LSI is on par with optical coher-
ence tomography.

We performed a series of experiments (Figs. 4 to 6) to
demonstrate the potential of LSI for wide-field monitoring of
blood flow dynamics in an in vivo microvascular network
model. We observed a heterogeneous decrease in blood flow
after glycerol application (Fig. 5), with an initial decrease in
venules and a delayed decrease in arterioles. A similar trend

White light, t =0 min

t=0min

t=16 min

Fig. 4 Representative (a) white light reflectance and (b, c) superimposed white light-binary SFI images at 0 and 16 min, respectively, after direct
saline application to the microvascular network of the rodent dorsal skinfold chamber. The images show a slight increase in blood flow in the
smaller blood vessel branches [(arrows in (c)]. Image dimensions are 9 X 6.8 mm?.
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Fig. 5 Representative (a) white light reflectance and (b to f) superimposed white light-binary SFI images at various time points after direct glycerol
application to the microvascular network of the rodent dorsal skinfold chamber. The images show a heterogeneous decrease in blood flow, with an
initial decrease in venular flow [“V” in (a)] and a delayed decrease in arteriolar flow [“A” in (a)]. Image dimensions are 9 X 6.8 mm?.

was observed by Vargas et al."” with optical Doppler tomog-
raphy monitoring of a single arteriole-venule pair. A potential
advantage of LSI over such a technique is the ability to
interrogate multiple vessels and associated branches
simultaneously.

A surprising finding was that the blood flow rate increased
slightly with application of phosphate buffered saline (Fig. 4)
and the polyurethane agent (Fig. 6). The thermoregulatory
aspect of cutaneous blood flow may have led to this increase,
because the agent temperature (~25°C) was slightly lower
than the in vivo skinfold temperature (~28°C). Another pos-
sibility is that the reduced access of the subdermal tissue to
ambient oxygen due to the addition of saline may have led to
a compensatory increase in blood flow to reestablish steady-
state oxygenation conditions. The strong flow reduction effect
of glycerol was probably sufficient to overcome any compen-
satory increase in blood flow due to either effect.

Our current LSI instrument is capable of raw speckle im-
age acquisition rates of ~100 frames per s, which corre-
sponds to a temporal resolution of ~10 ms. The intent of the
current in vivo imaging study was to compare our data (Figs.
4 to 6) with previously published data,"” so we acquired im-

age sequences during agent application at a considerably
slower frame rate of 0.5 frames per min. Previously, we have
acquired raw speckle images within seconds after pulsed dye
laser irradiation of select blood Vessels,25 demonstrating the
potential of LSI to study rapid transients in blood flow.

With our optical imaging configuration, we acquired im-
ages at unity magnification to provide a raw speckle image
lateral resolution of 6.45 um. To achieve this spatial resolu-
tion, we selected the f~number of the macro lens so that the
speckle size was equivalent to that of a single pixel2

w=12(M+ DN/ #), (4)

where w is the speckle size, M is the optical magnification,
and f/# is the f-number. Although the intent of the current
study was to perform wide-field blood flow imaging of the
dorsal skinfold window chamber preparation, it is possible to
increase the optical magnification by selecting the appropriate
zoom lens with a decreased f/# setting. The current hypoth-
esis is that the speckle size should be equal to the size of a
single pixel to achieve appropriate sampling of the speckle
pattern.24 Equation (4) sets an upper limit on the image mag-

@

t=12 min

t =16 min

Fig. 6 Representative (a) white light reflectance and (b to f) superimposed white light-binary SFI images at various time points after direct
polyurethane application to the microvascular network of the rodent dorsal skinfold chamber. The images show a slight increase in blood flow in

the smaller blood vessel branches. Image dimensions are 9 X 6.8 mm?.
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nification due primarily to the available f/# settings on com-
mercially available lenses. To the best of our knowledge, a
quantitative theoretical description to support the current hy-
pothesis has not been proposed, so it may be possible to per-
form high-magnification LSI (i.e., “laser speckle micros-
copy”) with an optical configuration that violates Eq. (4) We
have planed a set of experiments to test the current hypothesis
and will report our findings in a future publication.

Theoretical”’ and experimental® studies have established
that LST and laser Doppler imaging provide equivalent rela-
tive flow values. Thus, if the same laser wavelength is used,
both methods interrogate perfusion within equivalent volumes
of tissue. The primary advantages of LSI include its relative
simplicity (i.e., no need for scanning mechanical components)
and its image acquisition rate. LST images can be acquired at
the maximum camera frame rate (typically 30+ frames per s
for 300+ kilopixel images) and processed offline. With laser
Doppler imaging, acquisition times of several minutes are re-
quired to achieve a 65-kilopixel image.6 Such prolonged ac-
quisition times are associated with a considerably higher risk
of motion artifact. Laser Doppler imaging does provide infor-
mation on the direction of blood flow, a capability that is not
present with conventional LSI. These considerations should
be taken into account during selection of the appropriate
wide-field blood flow imaging method.

The LSI velocity dynamic range and signal-to-noise ratio
reported here provide an imaging platform that can be used to
study normal and tumor microvasculature in the rodent dorsal
skinfold model. Angiogenesis associated with tumor growth
has been studied extensively with this animal model.*'**¥ In
such studies, blood flow dynamics are typically monitored
with point laser Doppler probes or direct red blood cell count-
ing algorithms. Coupling of LSI with other optical imaging
modalities, such as reﬂectance,22 fluorescence, and multipho-
ton microscopy, may enhance knowledge of critical factors
such as heterogeneities in tumor blood flow and local oxygen
consumption dynamics.

In summary, we have shown that SFI and actual flow rate
have a linear relationship at typically used LSI integration
times and at blood flow rate values typical of arterioles,
venules, and capillaries. With an increase in integration time,
the VDR decreases and signal-to-noise ratio increases. These
findings imply that LSI can provide accurate wide-field maps
of microvascular blood flow rate dynamics and highlight het-
erogeneities in flow response to the application of exogenous
agents.
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