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In this paper, a model-based reconstruction technique is proposed to simultaneously measure
the relative deoxyhemoglobin concentration and the relative blood flow velocity in cerebral
cortex. With the help of this model-based reconstruction technique, artifacts due to nonuniform
laser illumination and curvature of cortex are efficiently corrected. The results of relative deoxy-
hemoglobin concentration and relative blood flow velocity are then used to detect and distinguish
cerebral arteries and veins. In an experimental study on rat, cerebral blood vessels are segmented
from the reconstructed blood flow image by Otsu multiple threshold method. Afterwards, arteries
and veins are distinguished by a simple fuzzy criterion based on the information of relative
deoxyhemoglobin concentration.

Keywords : Intraoperative detection; optical intrinsic signal (OIS); laser speckle imaging (LSI);
laser speckle contrast analysis (LASCA); model based reconstruction.

1. Introduction

Detecting cerebral arteries and veins is very impor-
tant for studying cerebral blood supply and corti-
cal vasculature network.1 Furthermore, it will be
very helpful to provide an intraoperative distinc-
tion of cerebral arteries and veins during brain
surgery.2 Compared with other techniques (like CT,
MRI, and PET), optical imaging method offers
specific advantages including easy implementation,
high spatial and temporal resolution, relatively
noninvasiveness, and the relevance to underlying
functional changes.3 Among the variety of optical
imaging methods, two methods, optical intrinsic
signal (OIS)4 imaging and laser speckle imaging

(LSI),5 offer the advantage of obtaining functional
information about brain oxygenation and blood
flow. They are the focus of this study.

OIS imaging is based on the light absorption
properties of cortical tissue. When imaging with
light of 600–635 nm, the oxyhemoglobin absorp-
tion is negligible compared with that of deoxy-
hemoglobin. Therefore area with higher level of
deoxyhemoglobin concentration C (e.g. the veins)
leads to more absorption and thus makes the corre-
sponding area darker, i.e. smaller intensity values,
in the image. Ideally, the relation for the relative
concentration of deoxyhemoglobin in artery, tissue,
and vein satisfies: Cartery < Ctissue < Cvein.6 As a
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two-dimensional optical imaging technique with
high spatial and temporal resolution, LSI has been
used to study the cerebral blood flow and blood
vasculature based on the scattering property of
blood cells. Using laser speckle contrast analysis
(LASCA),7,8 the contrast value K2 (the squared
ratio of temporal standard derivation σt of the
intensity to the mean intensity 〈I〉) of any pixel in
the image is related to the velocity v (Eq. (1)).

K2 =
(

σt

〈I〉
)2

∝ 1
v
. (1)

The relations for blood flow velocity in artery,
tissue, and vein satisfy vartery > vtissue and
vvein > vtissue.6 Combining the information of
deoxyhemoglobin concentration and blood flow
velocity, the arteries and veins can therefore be
distinguished.

In this paper, the inhomogeneous model for
nonuniform laser illumination and the curvature
of imaging cortex is estimated to reconstruct the
images of relative deoxyhemoglobin concentration
and relative blood flow velocity simultaneously.
Because the scattering interferences produced by
laser illumination leads to noisy fluctuations in the
reconstructed image of relative deoxyhemoglobin
concentration, a simple fuzzy criterion is used to
distinguish arteries and veins. In an experimental
study, rat’s cerebral arteries and veins are distin-
guished using this new technique.

2. Method

2.1. Optical imaging system

A coherent 635 nm He–Ne laser beam source
(1805P, Uniphase, CA) is used to illuminate the
cortex obliquely with a 30◦ angle of incidence. The
laser beam was reshaped by a lens to expand illu-
minating range. A 12-bit cooled CCD camera (Sen-
sicam SVGA, Cooke, MI) with a 60 mm macro (1:1
maximum reproduction ratio) f/2.8 lens was held by
a rack and focused on the imaging area. The image
resolution is 704 by 704 pixels corresponding to an
area of 4.7 by 4.7 mm2. The exposure time was set
to 2 ms and the frame rate was 11 fps. The imaging
system is shown in Fig. 1.

Suppose the illumination is uniform and the
surface of imaging cortex is flat, then the relative
deoxyhemoglobin concentration and the relative
blood flow velocity can be obtained simultaneously
as follows: (1) the averaged intensity of each pixel
across sequentially recorded images is calculated to

Fig. 1. The optical imaging system.

obtain the relative deoxyhemoglobin concentration
map, which may still be contaminated by the scat-
tering interferences; (2) the contrast value K2 is
used to estimate the relative blood flow velocity
(Eq. (1)).

2.2. Model based reconstruction

In practice, nonuniform laser illumination and the
curvature of cortex result in significant inhomoge-
neous impact and bias in the estimations of both
deoxyhemoglobin concentration and cerebral blood
flow,9 which thus makes the detection of arteries
and veins unreliable. To solve this problem, we
need to correct the OIS image IOIS and LSI image
ILSI from the biased OIS image ĨOIS and biased
LSI image ĨLSI, respectively, before the detection
of arteries and veins. In this study, the inhomoge-
neous impact, modeled as joint effect from nonuni-
form illumination and cortex curvature, is estimated
by 1D curve fitting technique, which is then used to
reconstruct the OIS and LSI images.

When a laser light illuminates the surface
obliquely, the effect of elliptic beam illumination
can be modeled as a 2D Gaussian function (Eq. (2)).

M1(x, y) =a exp

(
−
((

x − b1

r1

)2

+
(

y − b2

r2

)2
))

,

(2)
where (x, y) is the Cartesian coordinates of illu-
mination area, a is the scale coefficient, (b1, b2) is
the center of Gaussian function, and r1 and r2

are the semi-axis length along x-axis and y-axis,
respectively.
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While the influence of cortex curvature can
be approximately modeled as a part of elliptic
paraboloid (Eq. (3)).

M2(x, y) = d

(
(x − p1)2

q2
1

+
(y − p2)2

q2
2

)
, (3)

where d is the scale coefficient, (p1, p2) is the center
of elliptic paraboloid, and q1 and q2 are the semi-
axis length along x-axis and y-axis, respectively.

Since the effects of Gaussian laser illumina-
tion and cortex curvature are multiplicative, the
model for total inhomogeneous impact is modeled
as follows (Eq. (4)):

M(x, y) = M1(x, y) · M2(x, y). (4)

The biased OIS image ĨOIS can be described as
Eq. (5).

ĨOIS(x, y) = M(x, y) · IOIS(x, y). (5)

To reconstruct the unbiased IOIS(x, y), we are going
to estimate the inhomogeneity model M(x, y) from
the biased OIS image ĨOIS(x, y). However, it is prac-
tically impossible to fit the 2D model M(x, y) based
on ĨOIS(x, y). Furthermore, the effect of cortex cur-
vature is always more complicated than a simple
elliptic paraboloid. Therefore, to estimate M(x, y)
at low computing cost, 1D curve fitting technique
is used along each diameter of the ellipse. Based on
Eq. (5), the intensity values along each diameter are
derived as follows:

ĨOIS(l) = M(l) · IOIS(l), (6)

where l is the coordinate along the diameter (the
center point as the origin).

The 1D model M(l) (Eq. (7)) is derived from
the 2D model M(x, y) (Eq. (3)). Correspondingly,
the effect of Gaussian illumination is represented
as a 1D Gaussian function: M1(l) = s(l2 + cl + t).
While the effect of cortex curvature is modeled as a
quadratic function: M2(l) = exp(−(l/.r)2). There-
fore, Eq. (4) can be written as:

M(l) = M1(l) · M2(l), (7)

where l is the coordinate along the diameter (the
center point as the origin), (s, c, t) are parameters of
the quadratic function, and r is the shape parameter
of the Gaussian function.

In Eq. (6), if IOIS(l) is approximately a con-
stant, then M(l) can be easily estimated by
1D curve fitting technique. Since the OIS image
is related to the deoxyhemoglobin concentration,
there is large intensity decay in veins, which makes

the direct curve fitting inaccurate. To eliminate the
intensity decay and other noises, a median–mean fil-
tering process with adaptive window is performed
before the curve fitting. The data along each diam-
eter ĨOIS(l) is smoothened first by the median filter
with a window size 2R and then by the mean
filter with a window size R(R = 1/20 of image
size).

The smoothened data is then used to estimate
the model M(l). Each parameter in the 1D model
(Eq. (7)) is estimated by curve fitting technique10

using nonlinear least square method. Finally, the
2D model M(x, y) is constructed. The reconstructed
OIS image IOIS and LSI image ILSI are calculated
as below:

IOIS(x, y) =
ĨOIS(x, y)
M(x, y)

, (8)

ILSI(x, y) =
ĨLSI(x, y)
M(x, y)

. (9)

2.3. Detecting and distinguishing
arteries and veins

Using the relative blood flow information in the
reconstructed LSI image ILSI, the blood vessels
are automatically segmented by the Otsu multiple
threshold method.11 Ideally the relation for deoxy-
hemoglobin concentration C in artery, tissue, and
vein is Cartery < Ctissue < Cvein, so the inten-
sity value of artery in the reconstructed OIS image
is greater than that of tissue, and the intensity
value of vein is less than that of tissue. In practice,
laser always produces the noisy interferences in the
reconstructed OIS image, which makes it difficult
to distinguish arteries and veins.

In this study, we propose a simple fuzzy crite-
rion method to distinguish arteries and veins uti-
lizing the noisy information in the reconstructed
OIS image. From the vessel segmentation image,
the largest artery and vein are identified manu-
ally based on the anatomical features. Using the
noisy absorption information in the reconstructed
OIS image, a percentage Partery is calculated for
the largest artery that more than Partery of pixels
in the largest artery have intensity greater than the
average intensity (Ītissue) in tissue area. Similarly
a percentage Pvein is defined for the largest vein.
Then a simple fuzzy criterion, e.g. the vessel con-
taining more than Partery of points with intensity
larger than Ītissue is artery and the vessel contain-
ing more than Pvein of points with intensity smaller
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than Ītissue is vein, is constructed to distinguish
other arteries and veins.

3. Experiment

3.1. Animal preparation

The animal experiment protocol in this study has
been approved by the Animal Care and Use Com-
mittee of the Johns Hopkins Medical Institutions.
The female Sprague–Dawley rats (∼ 300 g) were
anesthetized with intraperitoneal (IP) injection of
sodium pentobarbital (50 mg/kg). The rats were
constrained in a stereotaxic frame (model 975, Kopf
Instruments, Tujunga, CA) after unconsciousness.

(a) (b)

(c) (d)

(e) (f)

Fig. 2. Model-based reconstruction results: (a) one of the raw images; (b) the biased OIS image; (c) the biased LSI image;
(d) the estimated inhomogeneous impact model; (e) the reconstructed OIS image; and (f) the reconstructed LSI image.

A midline incision was made over the scalp and
the tissues over the bones were cleaned with a
blade. A 10 by 10 mm cranial window overlying
the center of right somatosensory cortex (centered
of 5.5 mm lateral and 2.5–3.0 mm caudal from the
bregma) was thinned with a high-speed dental
drill (Fine Science Tools Inc. North Vancouver,
Canada) equipped with 1.4 mm steel burr until half
transparent.

3.2. Imaging protocol

The cranial window is imaged by the imaging sys-
tem described earlier (Fig. 1). 80 raw images were
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recorded by the CCD camera in the experiment.
Using the model-based reconstruction in Sec. 2, the
reconstructed results IOIS and ILSI were obtained
to detect and distinguish arteries and veins.

4. Results

4.1. Reconstruction of OIS and LSI
images

Figure 2(a) shows one frame recorded by the
CCD camera during the experiment. Figures 2(b)
and 2(c) show the biased OIS image ĨOIS and
LSI image ĨLSI, respectively. Clearly, in both
Figs. 2(b) and 2(c), the inhomogeneity makes the
measurement of relative deoxyhemoglobin concen-
tration and relative blood flow velocity biased.
The inhomogeneity model M(x, y) is estimated
and shown in Fig. 2(d). Figures 2(e) and 2(f)
show the reconstructed OIS image IOIS and LSI
image ILSI after the model-based reconstruction,
in which the inhomogeneous impact is effectively
eliminated.

4.2. Detecting and distinguishing
cerebral arteries and veins

After the reconstruction, blood vessels are automat-
ically segmented from the LSI image using the Otsu
multiple threshold method. Then, six vessels (V1–
V6) are selected manually for the following discus-
sions (Fig. 3(c)). V1 and V2 are two largest vessels
in the imaging area. Based on the anatomical fea-
ture of rat’s cerebral vasculature network, V1 is an
artery and V2 is a vein.

For each pixel (x, y) in the vessel area, we
construct a two-dimensional vector (IOIS(x, y),
ILSI(x, y)) which contains the information
of both relative deoxyhemoglobin concentration
and relative blood flow velocity. The vector
(IOIS(x, y), ILSI(x, y)) of every pixel in V1 (red cir-
cles) and V2 (blue circles) is plotted in Fig. 3(d)
where x-axis stands for IOIS(x, y) and y-axis stands
for ILSI(x, y). Because of the noisy interferences pro-
duced by laser illumination, the pixels’ IOIS(x, y) in
either vessel are spreading out over a comparably
large range. Although there are overlaps between
V1 and V2, the cluster of red circles (V1) is quite
different from that of the blue circles (V2). Based on
the noisy information in OIS image, more than 70%
(Partery) of points in V1 are with IOIS(x, y) larger
than 0.9 (Ītissue), while greater than 70% (Pvein) of
points in V2 are with IOIS(x, y) less than 0.9.

Fig. 3. The detection of arteries and veins: (a) and (b) are
the reconstructed OIS and LSI images, respectively; (c) shows
the six selected vessels (V1–V6) for analysis; (d), (e), and (f)
plot the values in OIS and LSI images for each point in the
vessels, (d) is for V1 and V2, (e) is for V3 and V4, and (f) is
for V5 and V6.

A simple criterion is thus constructed to dis-
tinguish rat’s cerebral arteries and veins: a vessel
containing more than 70% of points with IOIS(x, y)
greater than 0.9 is an artery, otherwise it is a vein.
Using this criterion, V3 is a small artery while V4 is
a small vein (Fig. 3(e)). In Fig. 3(f), both V5 and V6
are small veins; this conclusion can also be verified
by the fact that V5 and V6 are two branches of the
larger vein V2. The vessel types of V3–V6 were con-
firmed independently by an experienced clinician.

5. Discussion

The nonuniform model of laser illumination can
be alternatively estimated using the reflectance
image of an ideal, smooth surface. However, the
subject-dependent inhomogeneous impact of cortex
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curvature is really difficult to measure by other
ways, for example, 3D methods like magnetic res-
onance imaging would be inordinately expensive
and difficult to implement. The proposed model-
based reconstruction is totally an optical method
and relies only on post-processing that needs no
extra hardware or experiment.

In this study, rat’s cerebral arteries and veins
are segmented from the reconstructed LSI image
using Otsu multiple threshold method which usu-
ally needs about 12 s to process a 704 by 704 image.
In practice, with the help of human vision system, a
human observer can easily and quickly distinguish
the blood vessels. The model based reconstruction
technique shows the potential to be an intraopera-
tive monitoring technique in brain surgery. Actually
surgeons may easily distinguish arteries and veins
just looking at both the reconstructed OIS and LSI
images using their experiences.

However, when automation is required, our
approach will be useful. Such automation may be
needed in imaging brain pathology such as due to
tumor.12 Another application area is a minimally
invasive surgery.13 In such situations, automatic dif-
ferentiation of artery or vein by optical method will
be useful. Other application areas include physio-
logical studies of cerebral blood flow, where pertur-
bations that mimic injury or insult, such as hypoxia
or ischemia, alter flow in the brain vasculature.14

Knowing the arterial and venous structures and the
flow within these vessels would be useful in quanti-
fying effects of stroke or drugs for stroke therapy.15

6. Conclusion

In this paper, we proposed a model-based technique
to reconstruct the OIS and the LSI images simul-
taneously. After the segmentation of blood vessels
from the reconstructed LSI image, cerebral arteries
and veins can be distinguished using a fuzzy crite-
rion applied to the noisy deoxyhemoglobin informa-
tion in the reconstructed OIS image. In the exper-
imental study, rat’s cerebral blood arteries and
veins were detected and distinguished using the new
method. This new technique is useful for patholog-
ical and physiological studies of cerebral blood flow
and metabolism.
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