Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Microvascular
Research

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Microvascular Research 82 (2011) 92-95

journal homepage: www.elsevier.com/locate/ymvre

Contents lists available at ScienceDirect

Microvascular Research

Short Communication

Automated computation of functional vascular density using laser speckle imaging in

a rodent window chamber model

Sean M. White *P, Steven C. George *“%!, Bernard Choj *><*1

2 Department of Biomedical Engineering, University of California, Irvine, CA 92697, USA

b Beckman Laser Institute and Medical Clinic, University of California, Irvine, CA 92697, USA

€ Edwards Lifesciences Center for Advanced Cardiovascular Technology, University of California, Irvine, CA 92697, USA
d Department of Chemical Engineering and Material Science, University of California, Irvine, CA 92697, USA

ARTICLE INFO ABSTRACT

Article history:
Accepted 8 March 2011
Available online 17 March 2011

We report a methodology for computing functional vascular density within a rodent dorsal window chamber
model based on long-exposure laser speckle imaging (LSI). This technique relies on the presence of flow to
create detailed vasculature maps. Employing this contrast mechanism is not possible using conventional

imaging methods. Additionally, a freeware algorithm for computing functional vascular density (FVD) from
images acquired using long-exposure LSI is also described to facilitate ease in adopting this method. We
demonstrate that together these tools can be used to compute FVD nearly twelve times faster than manual
computation, yet with comparable accuracy.

© 2011 Elsevier Inc. All rights reserved.

Introduction

For in vivo vascular research, it is often necessary to utilize a simple
but informative metric for quantifying the dynamic features of
angiogenesis, including flow and vessel density. Functional vascular
density (FVD) frequently is used to assess changes in blood and
lymphatic vessel density (Dellian et al., 1996; Fukumura et al., 2001;
Paderaetal., 2002). FVD is defined as the total length of perfused vessels
within a region of interest in a two-dimensional image, divided by the
area of that region (Schmid-Schoenbein et al., 1977). FVD measure-
ments can be acquired noninvasively and are independent of changes in
vessel diameter that result from vasodilation and vasoconstriction. For
these reasons, measuring FVD in a tissue of interest over time serves as a
simple and robust method for tracking tissue perfusion.

FVD is typically calculated in a manual fashion from images of
vasculature. With this approach, the researcher must visually
determine the extent of all perfused vessels within an image. This
process is time intensive, and introduces errors due to the difficulty in
discriminating between vessels and artifacts and selecting the vessel
midline for length summation. A robust, automated method for
calculating FVD from images of vessels would improve computational
accuracy, consistency, and speed.

To this end, we describe a new methodology for measuring FVD
using images acquired with long-exposure laser speckle imaging (LSI)
(Boas and Dunn, 2010; Briers, 2001; Choi et al., 2004). LSI is a full-field
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imaging technique used to create in vivo maps of relative blood flow.
This is achieved by illuminating a sample that contains moving optical
scatterers such as red blood cells, with a diffuse laser beam. A time-
varying speckle pattern is created due to scatterer motion. When this
speckle pattern is imaged using a CCD camera with a finite exposure
time, the movement of scatterers causes blurring of the speckle
pattern in the acquired image. The degree of blurring can be quantified
at each pixel as a speckle contrast value, K, which is correlated with
relative flow dynamics. K is defined as

K= 1)

where o is the standard deviation and <I> the average intensity of a
group of pixels.

We demonstrate that high-resolution images of perfused vessels
can be acquired with long-exposure LSI using common laboratory
equipment, and that these images can be used to compute FVD. We
additionally show that this method for computing FVD is faster than,
yet has comparable accuracy to manual computation.

Materials and methods
Collection of raw speckle images

Raw speckle images were collected by transilluminating the dorsal
window chambers of anesthetized mice with the expanded beam of a
30 mW 633 nm HeNe laser. Transillumination was used because red
blood cells are highly forward scattering. This provides greater spatial
resolution in the dorsal window chamber compared to epi-illumination,
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however, epi-illumination may be used on this and other samples
without significant modifications in procedure. Images of the speckle
pattern were acquired with a CCD camera (Nuance, Cambridge Research
Instruments, Woburn, MA). Image exposure time was adjusted
manually and illumination intensity was adjusted with a polarizer-
analyzer setup to utilize the full dynamic range of the camera for the
given exposure time. Care was taken to assure that each speckle at the
detector was sampled by at least two CCD pixels, to satisfy the Nyquist
criterion (Kirkpatrick et al., 2008).

Generation of speckle contrast maps

K typically is computed from raw speckle images with algorithms
based on either the temporal or spatial statistics of the imaged speckle
pattern. With temporal analysis, multiple images of the sample are
acquired in series. The intensity of a single pixel, I(ij,n), is chosen for n
collected images and used to compute K using Eq. (1). This operation
is performed at each pixel coordinate (i,j) to create a single map of K.
With spatial analysis, Eq. (1) is applied to a single raw speckle image
using a sliding window operator to create a map of K. This temporal
method was used for all FVD computations because it results in maps
of K which exhibit higher spatial resolution compared to the spatial
analysis method (Cheng et al., 2003). All computation was performed
using custom-written MATLAB software (m-file available online at
http://www.choi.bli.uci.edu/software.html).

Computation of functional vascular density

Following generation of maps of K, FVD of each map was computed
using an image processing algorithm written in MATLAB (m-file
available online at http://choi.bli.uci.edu/software.html). Briefly, the
vessel edges in a given image are first accentuated by using a low-pass
filter and the resultant image subtracted from the original image. The
result is then thresholded for intensity and object size to isolate vessels

Fig. 1. Steps for calculating FVD from map of K. (A) original map of K, (B) edge emphasis,
(C) intensity thresholding, (D) size thresholding, (E) skeletonization. Computed FVD
value is 0.347 um ™~ . Scale bar = 500 um.

and remove noise. A median filter to smooth vessel edges is then
applied to the binary image. The resulting image is then skeletonized
so thatall objects are reduced to one pixel in diameter along the medial
axis, and FVD is computed by summing the length of all vessels divided
by the area of the region of interest. The steps of this algorithm are
outlined in Fig. 1.

Verification of functional vascular density computation algorithm

For verification of the FVD computation algorithm, three mouse
dorsal window chambers were imaged using long-exposure LSI. Three
regions of interest in each window chamber were selected and used to
compute FVD both manually and using the FVD computation al-
gorithm. A paired t-test was used to assess the significance of the
difference between these two methods.

Results and discussion
Imaging of functional blood vessels using laser speckle imaging

Maps of K generated using both temporal and spatial statistics for
various exposure times can be seen in Fig. 2. Maps of K generated
using temporal statistics exhibit vessel contrast comparable to the
white light transillumination image (Fig. 2C and G) and exhibit higher
spatial resolution than the corresponding maps of K generated using
spatial statistics (Fig. 2H and I). This higher resolution facilitates
accurate FVD computation. The resolution difference in the maps of K
generated using spatial versus temporal statistics arises from the need
to use a sliding window operator to compute K, which inherently
decreases spatial resolution by a factor which scales with the size of
the sliding window used.

Contrast in maps of K results from the movement of red blood cells.
Vessels that do not exhibit flow are therefore not visualized using LSI,
unlike what is observed with either white light reflectance or
transillumination images in which contrast is achieved via optical
absorption. This principle is demonstrated in Fig. 2C and G, where
vessels within the red circle in G have been photocoagulated to induce
cessation of blood flow. The treated vessels remain visible in the white
light transillumination image in G, but are not present in the LSl image
and thus do not contribute to the FVD calculation. By definition, FVD
considers only vessels that are actively contributing flow at a partic-
ular point in time; thus, selecting only perfused vessels is imperative
for the accurate calculation of FVD. This is particularly important
because vessels, especially in tumors, can exhibit intermittent or
complete cessation of flow (Vaupel et al., 1989).

Fig. 2A-F demonstrate that maps of K exhibit increased vessel
resolution for increased image exposure time. Exposure times used in
LSI typically range from 1 to 10 ms and generally are chosen to match
the correlation time of the intensity fluctuations in the imaged speckle
pattern (Briers, 2001). The rationale for such a choice is elucidated by
analyzing the following equation for K (Bandyopadhyay et al., 2005;
Fercher and Briers, 1981):

T
K = %J(l—%)qmdr 2)

where T is the camera exposure time and C¢(7) is the autocovariance
of the temporal fluctuations in the intensity of a single speckle. If the
following definition of speckle correlation time is used (Mandel,
1981):

3

o= [ ofde (3)

—

where y(t) is the normalized autocorrelation function of the laser
light remitted from the sample and is chosen as a Gaussian velocity
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Fig. 2. Maps of K generated using temporal (A-C) and spatial (D-F) correlation. The corresponding white light transillumination image can be seen in (G). The red circle in (G)
indicates the area treated with a pulsed laser to induce the cessation of flow via photocoagulation. Highlighted sections of (C) and (F) (size: 1.23x 1.12 mm) can be seen magnified
(H) and (I), respectively. Exposure times are: (A) and (D), 10 ms, (B) and (E), 100 ms, (C) and (F), 1000 ms. Scale bar =1 mm.

distribution appropriate for describing ordered flow within blood
vessels (Ramirez-San-Juan et al., 2008), we can then describe K as:

K = B%erf(n"z TEC)VZ @)

A plot of T/t versus K is shown in Fig. 3 and demonstrates that
maximum sensitivity of K to changes in 7, or specifically changes in
flow, is achieved when T is chosen to be comparable to 7.

Accurate FVD calculation relies on identification of all functional
vessels within a region of interest. The slower flow (and hence longer
Tc) in vessels such as capillaries and venules necessitates the use of
longer exposure times to achieve an adequate decrease in K. The use of
long exposures (T>100 ms) during LSI therefore is appropriate for
visualizing vessels with a larger range of sizes than conventional LSI.
We have found that an exposure time of 1000 ms is adequate for
imaging all resolvable vasculature in the rodent dorsal window
chamber. Longer exposure times do not enhance the ability to resolve
vessels and thus increase FVD (data not shown). The use of long
exposure times, however, minimizes the sensitivity of K to relatively
high flows in a region of interest, making long-exposure LSI

10 10 10' 10 10
T/"tc

Fig. 3. Plot of K versus T/t based on Eq. (4).

appropriate only for analyzing vessel structure and not for quantifi-
cation of flow within identified vessels. Additionally, the use of long
exposure times during LSI also increases sensitivity to Brownian
motion both within vessels and the surrounding tissue. This effect is
small enough, however, that occluded blood present in the window
shown in Fig. 2 did not contribute to the computed FVD, indicating
that the correlation time of the blood within occluded vessels
remained longer than that of the surrounding functional vessels.

Although the quantitative nature of LSI is limited due to sim-
plifying assumptions associated with describing the dynamic inter-
action between scattered light and tissue, inaccuracies resulting from
these assumptions are mitigated by analyzing only vessel structure
rather than relative flow. For example, the effects of scattering from
static features, which is not accounted for in Eq. (4), are largely
reduced by utilizing temporal statistics rather than spatial statistics
when computing K because their temporal contribution is ideally zero
(Li et al., 2006). Additionally, the effect of photons undergoing
multiple scattering events may affect the apparent size of vessels
(Zakharov et al., 2006), but this effect is minimized during the
skeletonization step of FVD computation using the described algo-
rithm provided that vessel resolution is not lost.

Automated computation of functional vascular density using speckle
contrast maps

Nine maps of K were acquired as described above and used to
compute FVD manually and using an automated algorithm. A paired t-
test indicated that the difference in the computed FVD values was not
statistically significant (p=0.571). The average difference between
these methods was 6.1 4 3.3%, indicating a small positive systematic
bias that resulted in slightly larger algorithm-computed FVD values
compared to the corresponding manually-computed values. However,
unlike manual FVD computation, which introduces inter-user bias as
well as variable bias from a single user, the presented algorithm exhibits
repeatable bias. This error likely arises from imperfect intensity and size
thresholding, which causes background pixels to be registered as vessel
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pixels, thus artificially increasing the computed FVD. Such artifacts can
be reduced by using more complex image processing techniques which
are less sensitive to noise such as utilizing matched filters for vessel
isolation (Chaudhuri et al., 1989). However, the slight reduction in noise
would come at the expense of computation time and simplicity. Finally,
manual computation of FVD in the three analyzed window chambers
took an average of 21.3 + 3.8 min, whereas automated FVD computation
took an average of 1.8 4- 0.3 min, a nearly 12-fold improvement in time.

Conclusions

In conclusion, we have demonstrated a novel method for calculating
FVD in a rodent dorsal window chamber based on long-exposure LSI.
This method differs from traditional LSI in its use of long exposure times
which sacrifice flow information for increased structural information.
This method is capable of producing detailed maps of functional vessels
at a spatial resolution ranging from capillaries to venules for T>>7,
spatial resolution is limited only by the numerical aperture of the optics
being used so long as the Nyquist Criterion is satisfied (Kirkpatrick et al.,
2008). Because vessel visualization with LSI is dependent on moving
particles, discrimination of vessels with and without flow can be
achieved, which is not possible using conventional transmission and
reflectance imaging. Additionally, long-exposure LSI is capable of
identifying functional vessels of any size provided that they are
resolved, making this technique more widely applicable than compa-
rable video techniques which are capable of imaging capillaries only
(Japee et al., 2004). Finally, this method can be easily adopted due to the
relatively small cost, wide availability of the equipment required (laser,
diffuser, and CCD camera), and ease and flexibility in image acquisition
(reflection geometry, transmission geometry, lack of stringent align-
ment requirements).
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