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High-resolution cerebral vasculature imaging has applications ranging from intraoperative procedures to
basic neuroscience research. Laser speckle, with spatial contrast processing, has recently been used to
map cerebral blood flow. We present an application of the technique using temporal contrast processing
to image cerebral vascular structures with a field of view a few millimeters across and approximately
20 �m resolution through a thinned skull. We validate the images using fluorescent imaging and
demonstrate a factor of 2–4 enhancement in contrast-to-noise ratios over reflectance imaging using white
or spectrally filtered green light. The contrast enhancement enables the perception of approximately
10%–30% more vascular structures without the introduction of any contrast agent. © 2007 Optical
Society of America

OCIS codes: 170.6480, 120.6150.

1. Introduction

The ability to image vascular microstructure is of con-
siderable importance in applications such as clinical
diagnostics, basic research, and intraoperative proce-
dures. Conditions such as diabetes and hypertension
cause changes in vascular structure before renal and
cardiac complications [1,2]. Research areas that re-
quire the study of vascular structure, such as angio-
genesis, would directly benefit from high-resolution
microvascular imaging [3]. In the operating room, the
ability to image microvessels would be critical in help-
ing surgeons avoid vascular beds. Current techniques
for structural vascular imaging include magnetic res-
onance imaging (MRI) [4], angiography [5], computed
tomography (CT) [6], and vascular casting [7], among
others. These techniques lack in spatiotemporal reso-
lution (magnetic resonance, CT, ultrasound) or are in-
vasive procedures involving insertion of catheters or
contrast-enhancing agents (angiography, fluorescent
imaging). We present a vascular imaging technique
based on laser speckle contrast analysis [8] that is
minimally invasive and can provide high-contrast im-
ages of surface vasculature rapidly without the use of
any injected contrast agents. The technique utilizes

blood flow as a virtual contrast agent, mapping flows to
intensities. Laser speckle imaging has largely been
used for creating blood flow maps in tissues like the
cortex [9], retinal [10], and skin [11], among others.
Recently the technique has also been applied to study
changes in blood flow during functional activations
such as the electrical somatosensory stimulation of
limbs [12], and mechanical whisker stimulation [13]
and during neurological insults such as stroke [14] and
ischemia [15]. Some work has also been done on the
coupling between neural and hemodynamic signals
[16], where the technique was used to measure the
latter. On the instrumentation aspect, there is recent
work on noise reduction schemes [17] and contrast
algorithms [18]. Most of this work has been focused
toward observing changes in blood flow with high spa-
tiotemporal resolution. However, to our knowledge,
the principle of laser speckle contrast has not been
applied to structural vascular imaging to study con-
nectivities and morphologies of vascular networks.

In this work we use laser speckle imaging with
temporal contrast processing to obtain contrast-
enhanced images of the rat cerebral vascular archi-
tecture. The images are evaluated and compared
with reflectance images obtained in white and spec-
trally filtered green light using fluorescence imaging
as the gold standard. We show increased contrast-to-
noise ratios for the speckle images over both white
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and green light images. This increase allows the vi-
sualization of structural detail that could not be seen
using white or green light. We use a custom setup for
acquiring perfectly coregistered images from all three
modalities for the comparison.

2. Speckle Contrast and Imaging

Speckle is a random field intensity pattern produced
by the mutual interference of partially coherent
beams that are subject to minute temporal or spatial
fluctuations [19]. These patterns are seen when
monochromatic coherent light is incident on a rough
surface or a field of scattering particles. If the field of
particles is nonstatic, photographing the pattern re-
sults in an image that is blurred over the exposure
time of the recording device. The velocity information
in the blur can be extracted and mapped to contrast
using statistical arguments [8,20]. In particular,
speckle contrast (K) can be defined as

K �
���I2�

�I�
, (1)

where the mean, �I�, and standard deviation, ���I2�,
are calculated along windows slid around the blurred
image. Originally K was calculated by considering a
window of N � N pixels that is moved along the
image. This results in a spatially contrasted image.
Temporal resolution is limited only by the frame rate
of the imaging, since each processed image is gener-
ated using only one raw laser-illuminated image.
However, there is a loss in the spatial contrast by an
order of N.

The mean and standard deviation of Eq. (1) can
also be calculated over time using a time stack of
images [21]. In this case a 1 � 1 � M pixel window is
moved across a time stack of M images to obtain the
statistics leading to a temporally contrasted image.
This procedure does not lose any spatial resolution
but requires several images in time to generate the
processed image. The concurrent loss of temporal res-
olution is acceptable in imaging vascular structure as
opposed to functional imaging. For this reason we use
temporal contrasting for processing our images.

3. Ground Truth Fluorescent Imaging

The gold standard for vascular architecture imaging
is corrosion casting followed by microscopy [7]. How-
ever, the procedure requires sacrificing the animal,
and comparing the detailed three-dimensional image
with two-dimensional nontomographic optical im-
ages would be cumbersome. Fluorescent imaging is
an accepted technique for obtaining high-quality vas-
cular images [22,23] and was therefore chosen as a
benchmark to compare the speckle, white light, and
green light images. For this purpose, we obtained
coregistered fluorescent, speckle, white, and green
light images of the same region of the rat cortex. We
used rhodamine-dextran (Invitrogen, Carlsbad,
California, USA) as the fluorescent dye. The dye is
excited by green light and emits in the red region of the
spectrum. Since the fluorophore is conjugated to a

large 70,000 molecular weight dextran, it stays within
the vessels and does not extravasate, leading to high-
quality, high-contrast images of vasculature suitable
to evaluate two-dimensional images obtained from the
other modalities under comparison.

4. Methods

A. Animal Preparation

All experiments were performed using a protocol ap-
proved by the Johns Hopkins Animal Care and Use
Committee. Anesthesia was induced in adult female
Wistar rats (200–300 g) using a mixture of 4% halo-
thane, 16% oxygen, and 80% nitrous oxide. At the
onset of unconsciousness, the rats were anesthetized
with a mixture of 43 mg�ml ketamine, 8.6 mg�ml
xylaxine, and 1.4 mg�ml acepromazine. Anesthesia
was maintained with repeated injections of the same
mixture when required. The rat was fixed in a ste-
reotactic frame (David Kopf Instruments, Tujunga,
California, USA), and a midline incision was made
over the scalp. The temporal muscle was freed and
retracted with a No. 4-0 suture line to expose the
skull over the barrel cortex. A 5 mm diameter win-
dow overlying the barrel cortex, centered at 5.5 mm
lateral and 2.5 mm caudal to the bregma, was
thinned using a high-speed dental drill (Fine Science
Tools, North Vancouver, Canada) equipped with a
1.4 mm steel burr. Saline was used to maintain the
temperature during surgery. Thinning was stopped
when the inner cortical layer of bone was encountered.
The femoral vein of the rat was catheterized and con-
nected to a syringe containing the fluorescent dye.

B. Imaging Setup

The imaging setup consisted of a 12 bit �1280 �
1024� cooled CCD camera (PCO, Kelheim Germany).
The camera was controlled by a dedicated frame
grabber card on an image acquisition computer. A
60 mm f�2.8 macro lens (Nikon Inc., Melville, New
York, USA) with a maximum reproduction ratio of 1:1
at a working distance of 180 mm was mounted on the
camera. The lens was mounted using a C mount to a
Nikon F mount adapter and had an extension tube to
accommodate 1 in. filters �1 in. � 2.54 cm�. Thus the
maximum reproduction ratio increased to 1.3:1. For
fluorescent imaging, a rhodamine emission filter
(Chroma, Rockingham, Vermont, USA) could be in-
serted into the filter tube attaching the lens to the
camera. The setup is shown in Fig. 1. The camera was
positioned above the prepped animal mounted in the
stereotactic frame using a custom-built focusing z
drive. The frame was kept on an x–y adjustable stage
for precise localization of regions of interest. Three
light sources were positioned around the stage. A
dc-powered halogen lamp (Pelican, Torrance, Califor-
nia, USA) was used as a white light source. A #58
Wratten (Eastman Kodak, Rochester, New York,
USA) gelatin absorption filter was introduced in the
light path to illuminate the cortex with spectrally
filtered green light. A 0.5 mW, 632.8 nm red HeNe
gas laser (JDSU, Milpitas, California, USA) was used
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for speckle imaging. The initial beam diameter was
0.48 mm and the beam was diverged to cover the
region of interest. A 5 mW, 532 nm green diode-
pumped solid-state Nd:YVO4�KTP laser (Beam of
Light Technologies, Clackamas, Oregon, USA) laser
was used to excite the rhodamine for fluorescent im-
aging. The excitation was at 532 nm and the emission
filter passed a 150 nm band centered around 610 nm.

C. Imaging Protocol

Using the real-time preview from the frame grabber
card, the x–y location of the animal and the repro-
duction ratio on the lens was fixed to obtain the de-
sired field of view. The light sources were adjusted
individually to uniformly illuminate the region of in-
terest. Following this, the camera, stage, and all light
sources were locked down. To obtain the white light
image, the lens was stopped down to f�16 to increase
the depth of field. A set of 80 images was acquired.
Next, the green filter was introduced in the incident
light path and another set of 80 images was acquired.
For speckle imaging, the aperture of the lens was
set according to the lens magnification, laser wave-
length, and camera pixel size to optimize the speckle
size for contrast calculations [24]. The red laser was
turned on and a stack of 80 images was acquired and
stored for subsequent processing. To acquire the flu-
orescent image, the lens was again stopped down to
f�16 and the rhodamine emission filter was inserted
in the optical path. 200 �L of the rhodamine-dextran
solution was injected into the bloodstream using the
femoral vein catheter. The green laser was switched
on and a set of ten images was acquired.

Except for speckle imaging, in all the other cases,
the shutter speed was set according to the light in-
tensity and the selected aperture to get a balanced
exposure. Since speckle contrast is a flow-based sig-
nal, the shutter speed for speckle imaging needs to be
chosen with more care than based on the exposure

alone. It has been shown that for visualizing smaller
vessels a longer exposure time is beneficial [24]. This
is due to the lower flow velocities associated with the
smaller vessels. This was used along with the aper-
ture stop optimization referred to above to choose an
exposure time of 16 ms and an aperture setting of
f�5.6 for the speckle imaging.

D. Segmentation and Comparison across Modalities

To ascertain the fidelity of the speckle images and a
possible improvement over white or green light im-
ages, we compared all modalities with fluorescent
images, which were taken to be the ground truth.
Images from all four modalities were segmented into
vessel and background and compared on a pixel-by-
pixel basis using the � coefficient [25]. As described in
Subsection 4.C, 80 frames of raw speckle images were
processed to generate one contrasted speckle image.
To ensure a fair comparison to the white and green
light images, 80 frames of the reflectance images
were averaged before segmentation. Fewer fluores-
cent images were used because the f�16 aperture
setting necessitated exposure times of the order of
minutes. Segmentation was carried out by a manual
approach with multiple independent observers for
increased confidence levels [26]. Ten independent
observers were asked to segment images from each
modality—white light, green light, speckle, and flu-
orescent. The ten binary images were then combined
into one weighted image with structures being clas-
sified as vessels or background with ten confidence
levels. The procedure is schematically shown in Fig.
2. Thresholding was applied from five to ten levels
leading to binary images ranging from concurrence of
five to ten observers on structures being vessels. For
each confidence level, the � coefficient was calculated
for the white light, green light, and speckle images as

� �
2n�Gij � Tij � 0�

2n�Gij � Tij � 0� � n�Gij � Tij � 1� � n�Gij � 0; Tij � 1�
,

(2)

Fig. 2. (Color online) Schematic of the multiobserver manual seg-
mentation procedure used to generate the weighted and confidence
thresholded images for comparison.

Fig. 1. (Color online) Schematic of the setup used for image ac-
quisition. The rhodamine emission filter is introduced and the
laser is switched to green for fluorescent imaging.
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where the subscripts i and j denote pixel indices
and n� � denotes the number of pixels satisfying the
condition within the parentheses. The test images
are denoted by T and the ground truth fluorescent
image by G.

E. Contrast-to-Noise Ratio

We take the contrast-to-noise ratio (CNR) definition
to be [27]

CNR �
��vess � �back�

�fvess	vess
2 � fback	back

2
, (3)

where �vess and �back denote the mean intensities of
the pixels constituting the vessels and the back-
ground, respectively. 	vess

2 and 	back
2 denote the vari-

ance in the intensities of the pixels constituting the
vessels and the background, respectively. fvess and fback

are fractions of the total number of pixels in the im-
age classified as vessel and background, respectively.
The numerator is indicative of the intensity differ-
ence between vessels and background or the contrast,
and the denominator is a measure of the total noise in
the image weighted by the composition of the image.
Again we use the fluorescent image as the ground
truth. Use of the multiobserver weighted white light,
green light, and speckle images to segment those mo-
dalities would bias the analysis because an observer’s
perception and segmentation would be effected by the
inherent CNR, subsequently effecting the calculated
CNR. To perform CNR-independent segmentation,

only the weighted fluorescent image was thresholded
and segmented. Those segmented areas were then
used to extract the vessels and background from all
other modalities.

5. Results

Figure 3 shows the white light reflectance, green light
reflectance, temporal contrast processed speckle, and
fluorescent image of a 6 mm � 7.5 mm area of the rat
cortex through a thinned skull. The fluorescent image
has been inverted so that vessels appear dark on a
lighter background, as is the case with the other two
modalities.

Using the procedure outlined in Subsection 4.D,
the images shown in Fig. 3 were segmented into ves-
sels and background tissue. The weighted images ob-
tained with ten confidence levels are shown in Fig. 4.
To avoid skewing the measurements as a result of
artifacts in the periphery of the images, we chose a
512 � 512 pixel region in the center of the images for
further analysis. This corresponds to an area of
2.5 mm � 2.5 mm. The confidence levels indicate the
number of observers that classify a certain pixel as
being part of a vessel and not background tissue. For
comparison, the weighted images were thresholded.
An image thresholded at N% meant that at least N%
of the observers concurred on the pixels being seg-
mented as parts of vessels or as parts of background.

To compare fidelity, the fluorescent image was con-
sidered as the ground truth, and � coefficients were
calculated for the white light, green light, and speckle

Fig. 3. (a) White light, (b) green light, (c) temporal contrast pro-
cessed speckle, and (d) fluorescent image of a 6 mm � 7.5 mm area
of the rat cortex imaged through a thinned skull. This set of images
was used for subsequent comparison and CNR calculations.

Fig. 4. (Color online) Weighted images with different confidence
levels generated from the images shown in Fig. 3.
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images according to Eq. (2) after thresholding the
images at confidence levels ranging from 50%–100%.
The result is shown in Fig. 5. The higher � coefficients
for the speckle images show that they are closer to the
fluorescent images than the white light or the green
light images for all thresholds and are therefore a
more accurate representation of the vascular archi-
tecture.

To compare the CNRs, all images from Fig. 3 were
segmented based on our assumed standard—the flu-
orescent image. The argument for not segmenting
each image individually is given in Subsection 4.E.
The weighted fluorescent image was thresholded at
confidence levels from 70% to 100%. The resulting
binary images were used to separate images from all
the other modalities into vessels and background. As
an example, Fig. 6 shows images from all modalities
segmented into vessels and background on the basis
of the weighted fluorescent image thresholded at a

confidence level of 80%. CNRs were calculated using
Eq. (3) and are plotted in Fig. 7. The speckle image
can be seen to have a consistently higher CNR, an
increase of 3–4 times over the white light and 2–2.5
times over the green light images.

To underscore the ability of this contrast-enhanced
imaging technique, we compared the amount of vas-
cular structure that could be perceived through a
thinned skull. We compared the relative number of
vessels, as seen in Fig. 6, across all modalities. The
number of vascular structures and detail that is seen
in the speckle image is clearly greater than in the
reflectance images. Several structures were missed
by the white and green light or had such poor contrast
that they had segmentation confidence weights close
to zero. Figure 8 shows a quantification of the com-
parison of vascular structures, the vessel fraction,
seen in all modalities for segmentation thresholds
from 50%–100%. Vessel fraction is defined as the

Fig. 5. (Color online) � coefficient of the speckle, green, and white
light images using the fluorescent image as the ground truth.
Confidence levels vary on the x axis.

Fig. 6. Images from all modalities segmented into (a)–(d) vessels and (e)–(h) background on the basis of the manually segmented
fluorescent image with a confidence threshold of 90%. (a), (e) white light; (b), (f) green light; (c), (g) speckle; and (d), (h) fluorescent.

Fig. 7. (Color online) CNRs of images from all modalities calcu-
lated after segmentation based on the weighted fluorescent image
thresholded at different confidence levels.
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fraction of the pixels present in the image classified
as being a part of the vessels after thresholding. All
fractions are normalized using the vessel fraction ob-
tained from the fluorescent image at a 50% threshold.
The results show that approximately 10%–30% more
vascular structures can be seen in the speckle image
than in the white or green light reflectance images.

6. Conclusions

We have used the principle of laser speckle combined
with temporal contrast processing to image vascular
architecture in the rat cortex. Coregistered fluores-
cent images were used as a standard to compare
speckle and reflectance images. Speckle imaging and
processing boosts the contrast, without the need for
any contrast agent, leading to a twofold to fourfold
increase in contrast-to-noise ratios over images ob-
tained in white or spectrally filtered green light. This
enhanced contrast enabled the visualization of vas-
cular structures that had too low a contrast to be
perceived by reflectance alone. In imaging through
a thinned skull, we were able to perceive approxi-
mately 10%–30% more structural features using
speckle imaging than imaging in white or green light.

The technique is minimally invasive and does not
require the introduction of any contrast agents. Thus
it does not perturb the vasculature in any way. This
makes it more suitable for chronic studies of vascular
structure than currently used techniques. It is sim-
ple, requiring the use of only a CCD camera and an
ordinary laser. Although a two-dimensional surface
technique, we believe this will have applications in
imaging vascular microarchitecture in superficial tis-
sues such as the retina and the cortical surface.
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