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Abstract. Stroke is a worldwide medical emergency and an important issue in stroke research is looking for the early
pathophysiological markers which can predict the severity of brain injury. Decreased cerebral blood flow (CBF) has
been serving as the most important indicator of ischemic stroke. Particular attention is paid to study the spatio-
temporal CBF changes immediately after the onset of stroke in a rat intraluminal filament middle cerebral artery
occlusion (MCAO) model and investigation of its correlation with brain infarct volume after 24 h. We implement an
on-line laser speckle imaging (LSI) system, which could provide real time high spatio-temporal resolution CBF
information before, during, and immediately after the rat MCAO surgery. We found a significant correlation
between the affected area with 50% CBF reduction (CBF50) at the first minute after occlusion with the infarct vol-
ume. To the best of our knowledge, this is the earliest CBF marker for infarct volume prediction. Based on such a
CBF–infarct volume correlation, LSI may be used as a real time guidance for improving the consistency of intra-
luminal filament MCAO model since the depth of filament insertion could be adjusted promptly and those unsuc-
cessful models could be excluded in the earliest stage. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/

1.JBO.18.7.076024]
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1 Introduction
Stroke is a medical emergency serving as a leading cause of mor-
bidity and mortality worldwide and over 80% of all strokes are
ischemic strokes with very limited clinical treatment options.1

Intravenous tissue plasminogen activator (tPA) is the only treat-
ment for a nonhemorrhagic stroke approved by Food and Drug
Administrration of theUnited States,whichmust be administered
within 3 to 4.5 h of stroke onset for it to be effective in reducing
the infarction volume and its functional impact.2,3 An important
issue in stroke research is looking for the early pathophysiolog-
ical markers which can predict the severity of brain injury.4 In the
early hours after cerebral arterial occlusion, an initial reduction in
cerebral blood flow (CBF) was first observed, which is most
severe in the central perfusion territory of the artery.5

Accompanying this initial prominent reduction in CBF within
1 h after occlusion, there is a decrease in cerebral metabolic
rate of oxygen and an increase in oxygen extraction fraction.
A series of functional and biochemical changes occurs in
response to the rapid CBF reduction including a progressive
reduction in protein synthesis, a disruption of normal cellular
function and homeostasis, and an impaired neuronal electrical
activity. With further decrease in CBF, a battery of biochemical
changes occur, including declining high-energy phosphate, drop-
ping pH, and rising lactate levels.6 Brain tissueswith cerebral per-
fusion deficits below a critical threshold experience metabolic
energy failure, membrane depolarization, and subsequent

cellular swelling followed eventually by cell death. The fate of
a neuron is highly dependent on the magnitude and duration
of the CBF reduction.7 Therefore, decreased CBF is the predomi-
nant factor associated with artery occlusion and serves as the ear-
liest indicator of ischemia stroke.8

There have been a variety of neuroimaging methodologies
for hemodynamics and metabolism of acute stroke including
magnetic resonance imaging (MRI), positron emission tomog-
raphy (PET), laser Doppler flowmetry (LDF), etc.9–12 PET is
capable of providing regional metabolism information with
radiotracers employed. Using multitracer 15O PET, the irrevers-
ible ischemic tissue damage area showed a very low CBF, cer-
ebral blood volume (CBV), and metabolic rates of oxygen and
glucose within 5 to 18 h after onset of stroke.9 Yet, it was not
able to offer diagnostic information in hyperacute stage (<3 h)
due to the limitation of the methodology. MRI diffusion-
weighted imaging is particularly useful in early detection of
acute ischemia and can show a positive ischemic injury within
minutes after stroke.10,11 However, the temporal resolution is
limited for MR-based study, and the accessibility for MR facili-
ties is constrained, especially for animal studies. LDF is a widely
employed technique to monitor the CBF changes in stroke ani-
mal models, which provides exquisite temporal resolution and is
mostly used to offer real time CBF information during animal
middle cerebral artery occlusion (MCAO) surgery.13–15 However,
CBF obtained by LDF is constrained to very limited locations
without spatial distribution information, thus it is not able to pre-
dict the ischemia lesions precisely. The infarct volumes vary a lot
even though similar CBF reductions were observed by LDF.16Address all correspondence to: Shanbao Tong, Shanghai Jiao Tong University,
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Therefore, it is valuable to study the changes of CBF in a
high spatial and temporal resolution manner so as to find pre-
dictor of infarct volume at the earliest time point. Laser speckle
imaging (LSI) technique is an optical imaging methodology
which has been widely used to measure the spatio-temporal
changes of blood flow. The speckle fluctuation due to blood
cells motion reflects the CBF velocity, which can be measured
quantitatively by laser speckle contrast analysis (LASCA).17

Compared with LDF, LSI can obtain full-field CBF information
with high spatial and temporal resolution. Ohshima et al.18 used
LSI to investigate the CBF changes during reperfusion of
hypoxic–ischemic insult in immature mice and rats. They
found a significant correlation between the CBF measured
in the ischemic core area during the late reperfusion phase
(6 and 24 h after hypoxia) and brain damage morphologically
assessed by measuring the hemispheric volumes 7 days after the
insult. Nevertheless, in this neonatal stroke model, the early
CBF changes after occlusion were not predictive for brain
damage.

In this paper, particular attention is paid to the study of spa-
tio-temporal CBF changes in cerebral cortex immediately after
the onset of stroke in a rat MCAO model. By investigating its
correlation with brain infarct volume, we aimed at finding an
early predictor for the ischemic infarct volume. In our approach,
we implemented an on-line LSI system, which could provide
real time high resolution CBF information before, during, and
immediately after the rat MCAO surgery. In this study, we used
intraluminal filament MCAO model to induce stroke, which is
one of the most widely utilized experimental focal cerebral
ischemia models for its close relevance to clinical ischemic
stroke.19,20

2 Materials and Methods

2.1 Animal Preparation

Adult male Sprague–Dawley rats (n ¼ 12), weighing 265 to
295 g (Shanghai Slac Laboratory Animal Co., Ltd, Shanghai,
China), were used in the experiments. Each animal was anes-
thetized with 2.5% isoflurane carrying 20% oxygen and 80%
nitrogen induced through a face mask during the experiment.
The rat was constrained on a stereotaxic frame and the skull
was thinned to transparency by a high-speed dental drill
(SDE-H37L, Marathon, Korea). Saline was used for cooling
during the smoothing and glycerol was used to reduce the specu-
lar reflections and improve the optical clearing during the im-
aging. The protocols were approved by the Animal Care and
Use Committee of Shanghai Jiao Tong University.

In order to acquire CBF image during the surgery, the rat
should be placed in supine position during the surgery of the
intraluminal filament MCAO model; therefore, we applied a
miniature LSI (diameter: 15 mm) and fixed it on the rat skull
with glass ionomer cement.21 Since the head-mounted miniature
imager could minimize the motion artifacts,21 the surgical move-
ments would not affect the image quality. A customized surgery
board was used to adapt to this real-time LSI system. After the
animal preparation, the rat was positioned on the surgery board
in supine position for MCAO surgery [Fig. 1(a)].

2.2 MCAO Surgery

During the MCAO surgery, a midline neck incision was made
and the soft tissues were pulled apart. The right common carotid

artery (RCCA) and the occipital artery branch of the right exter-
nal carotid artery (RECA) were dissected and ligated. The right
internal carotid artery (RICA) was isolated and carefully sepa-
rated from the adjacent vagus nerve. A small incision was made
in the RCCA before it bifurcates to the RECA and RICA, and a
monofilament nylon suture (length: 4.0 cm; diameter: 0.36 mm)
with its 5-mm distal segment coated with silicone (Beijing
Sunbio Biotech Co., Ltd, Beijing, China) was introduced into
the RICA. The nylon suture was advanced up to 18 mm from
the bifurcation of RCCA toward the right middle cerebral artery
in the circle of Willis. The remaining sutures were cut and the
skin was sutured.

2.3 Triphenyltetrazolium Chloride (TTC) Staining
and Infarct Volume Calculation

The infarct volume was measured by quantitative histology
using 2,3,5-triphenyltetrazolium chloride (TTC) staining tech-
nology. At 24 h after MCAO, the rat was sacrificed and the
brain was removed quickly and sectioned coronally into five
3-mm thick slices. The brain slices were incubated for 20 min
in 4% TTC at 37°C and then photographed. The TTC stained
viable brain tissue was dark red, whereas the infracted tissue
was unstained. The slices were fixed in 4% paraformaldehyde
after TTC staining. The infarct area was measured as the
unstained part using ImageJ software (National Institutes of
Health, Bethesda, Maryland). By subtracting the area of noni-
schemic ipsilateral hemisphere from that of the contralateral
side, the infarct volumes were calculated.

2.4 Laser Speckle Contrast Imaging

The whole experimental protocol is presented in Fig. 1(b). The
raw LSI data, right before MCAO surgery, were first acquired as
the baseline. In the MCAO surgery, LSIs were continuously
monitored from the completion of filament insertion to 1.5 h
afterwards.

A laser diode (780 nm; 10 mW; L780P010, Thorlabs, USA)
powered by a driver module (LDC205C, Thorlabs, USA) was
used to illuminate the rat skull with a beam expanded through a
collimating lens. Raw laser speckle data (50 frames∕s) were col-
lected by a macrolens system (radius: 3.44 mm; focal length:

Fig. 1 Schematic presentation of real time-laser speckle imaging system
during MCAO surgery (a) and the experimental protocols (b).
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5.05 mm; minimum focus distance: 20 mm; custom-made to our
design by GiantTec, Shanghai, China) fixed onto the printed
circuit board (PCB; 3.6 × 3.6 cm; Thorlabs, USA), and then
imaged by a CMOS sensor (1024 × 1396 pixels; 8-bit precision;
size, 2∕3 in; Thorlabs, USA) on PCB. The imager was con-
figured by software through a USB interface (pixel clock of
35 MHz, exposure time of 5 ms, area of interest of 640×
640 pixels). The exposure time of 5 ms was selected to optimize
the contrast-to-noise ratio.22 A custom-developed software pro-
gram acquired the raw images (25 frames∕stack) through a USB
cable for further CBF analysis on the computer.

2.5 Data Processing

According to the LASCA theory,23,24 blood flow velocity is
related to speckle contrast value K, which is defined as the
ratio of the standard deviation to the mean intensity in the
speckle pattern. And K is theoretically related to the speckle
correlation time τc as

K ¼
�
β

�
τc
T
þ τ2c

2T2
ðe−2T∕τc − 1Þ

��
1∕2

; (1)

where T is the camera exposure time, β is the coefficient
inversely determined by the number of speckles in each pixel
area, and τc is assumed to be inversely proportional to the blood
flow velocity. Therefore, K2 is inversely proportional to the
blood flow velocity.

The raw speckle images were processed with temporal laser
speckle contrast analysis (tLASCA) method25 to obtain the
contrast images of CBF with high spatial resolution. Speckle
contrast value Ktði; jÞ was calculated as

Ktði; jÞ ¼
σtði; jÞ
hItði; jÞi

¼
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where Iði;j;lÞ is the speckle intensity for pixel at ði; jÞ in the lth
image frame. We used 10 frames of raw speckle images to
calculate one set of speckle contrast value image, and 32 sets
of contrast images were averaged out to reduce the noises.
Therefore, 320 frames of raw speckle images were utilized to
obtain one frame of speckle contrast value image for analysis.
The acquired contrast image at the first minute after MCAO in
one rat was presented in Fig. 2(a) using enhanced LASCA

(eLASCA) method26 which improved the dynamic range of
LASCA based on monotonic point transformation, for a
more detailed visualization. Recalling that K2

t is inversely pro-
portional to the CBF velocity, we used the reciprocal of contrast
values Ct ¼ 1∕K2

t to calculate the relative changes in CBF
velocity. In order to evaluate the CBF changes after MCA occlu-
sion, we normalized all the CBF images after MCAO by the
baseline image pixel by pixel so as to obtain a relative
CBF image defined as Ntði; j; lÞ ¼ Ctði; j; lÞ∕C0ði; jÞ, where
Ntði; j; lÞ is the relative CBF velocity at pixel C0ði; jÞ in the
lth image frame after occlusion and ði; jÞ denotes CBF velocity
at baseline before the surgery. Applying a threshold for relative
CBF velocity as ε, we may create a binary image for the lth CBF
frame with pixel intensity Btði; j; lÞ defined as

Btði; j; lÞ ¼
�
1; if Ntði; j; lÞ < ε
0; otherwise

: (3)

One binary image calculated at the first minute after occlu-
sion was shown in Fig. 2(b), where εwas assumed equal to 50%.
Such a binary evaluation could estimate the CBF reduction area
more effectively, where only the pixels with a CBF level below a
pre-defined threshold were shown, thus helping us to visualize
and count the affected area more efficiently.

We calculated the CBF reduction area size due to occlusion
by counting the number of pixels with Btði; j; lÞ ¼ 1 in the ipsi-
lateral hemisphere and converting it proportionally to the area
size in the image. In order to further demonstrate the CBF dis-
tribution within the affected area, we plotted the CBF images for
the affected area in pseudocolor and overlaid it on the contrast
images. The higher values in pseudocolor correspond to higher
CBF velocity levels. The overlapped images were displayed in
Fig. 2(c). Based on the previous studies about CBF in ischemic
core27 and penumbra area,28 we selected two thresholds of CBF
velocity reduction in this work, 25% (i.e., CBF25) and 50% (i.e.,
CBF50), respectively, to determine the affected area size.

2.6 Statistical Analysis

Pearson product-moment correlation coefficient analysis was
performed to determine the correlation between the CBF reduc-
tion area size using thresholds of CBF25 and CBF50 during the
first 90 min upon the occlusion and the infarct volume 24 h after
ischemia. All data processing procedures were performed using
MATLAB (Ver. 2010a, Math Works, USA).

Fig. 2 CBF reduction area computing procedures: (a) Speckle contrast image using eLASCA at the first minute after MCAO. (b) Binary image with white
pixels showing a CBF velocity normalized by baseline below 50% (CBF50). (c) Overlapped images with affected area plotted in pseudocolor.
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3 Results

3.1 CBF Images with Various Levels of Infarction

The comparison of CBF images with histopathological results
was shown in Fig. 3. Here, we showed two representative
rats with different lesion volumes, rat one with smaller infarct
volume (273 mm3) in Fig. 3(a)–3(c) and rat two with larger
infarct volume (437 mm3) in Fig. 3(d)–3(f). The TTC staining
results were shown in Fig. 3(c) and 3(f). We used the third brain
section, which contained the major infarct area, for demonstra-
tion purpose. The CBF images for the CBF50 area in pseudo-
color overlaid on the contrast images at the first minute after
MCA occlusion were shown in Fig. 3(a) and 3(d). Here, the
plotting followed the same style as in Fig. 2(c), where the gray
color images correspond to contrast images and the images in
pseudocolor show the CBF velocity information. We may see a
larger CBF50 area in Fig. 3(d). In order to compare and visualize
the CBF reduction area more clearly, we plotted the CBF image
at the first minute after MCAO in pseudocolor and circled the
core CBF50 area containing most of the CBF50 pixels (over 70%
pixels of all). The core CBF50 area in Fig. 3(e) contained about
6.8 × 104 pixels, which is much larger than the one in Fig. 3(b)
with 3.7 × 104 pixels, and this difference corresponds well with
the difference in infarct volumes.

3.2 Temporal Variations of CBF Reduction Area

The variations of total CBF reduction area in one rat at 1, 30, and
90 min after intraluminal filament occlusion along with the
baseline image were shown in Fig. 4, for CBF25 [Fig. 4(a)–4(d)]
and CBF50 [Fig. 4(e)–4(h)]. Again, the plotting follows the same
way as in Fig. 2(c), where the pseudocolor images overlaying in
Fig. 4(a) and 4(e) correspond to the 50% CBF reduction areas
(i.e., CBF50 area). It was noted that the changes of CBF reduc-
tion area over time were more prominent for CBF50, and the
corresponding area size increased with time.

3.3 Correlation of CBF Reduction Area Size with
Infarct Volume at Different Time Points

We computed the correlation coefficient R2 and p value between
the relative CBF reduction area size during the first 90 min upon
occlusion and the infarct volume 24 h after MCAO.

Figure 5(a) and 5(b) showed the variation of R2 using CBF25
and CBF50 methods, respectively. All data points with signifi-
cant correlation (p < 0.05) were marked out. It was clear that
most of the data (73% for CBF25 and 93% for CBF50) in the
first 30 min had correlation significance (p < 0.05) and their
correlation coefficients were higher than those within the
later 60 min. Linear regression analysis indicated that CBF
reduction in the early stage (within 30 min after occlusion) was
predictive for the infarct volume. R2 reached the maximum
at the 30th min after occlusion with CBF25 (R2 ¼ 0.571, p <
0.05) and at the first minute with CBF50 (R2 ¼ 0.540, p <
0.05). The correlations between CBF reduction area size and
infarct volume for the corresponding time points were shown
in Fig. 5(c) and 5(d). More interestingly, the earliest correlation
happened almost immediately after occlusion in aspect of
CBF50, which is of great importance for prediction of infarct
volume at the earliest time point and provides prompt insights
for real-time surgery guidance.

4 Discussion

4.1 CBF Changes After MCAO Surgery

In this paper, we studied the changes of CBF in the intraluminal
filament MCAO surgery, especially at the early time points after
occlusion of MCA. Decreased CBF serves as the earliest path-
ophysiological marker associated with ischemia stroke. Critical
CBF thresholds below which tissues are destined to become
infarcted have been examined in a variety of studies. Kohno
et al. measured the CBF at 30 min and 2 h after MCA occlusion
in rats by [14C] iodoantipyrine autoradiography. At 30 min after
occlusion, they found about 80% of the ipsilateral hemispheric

Fig. 3 CBF images in comparison with histopathological results for two representative rats with different lesion volumes. Here, the gray bar and color
bar are similar to Fig. 2 representing the level of contrast values (K2) and the level of CBF (in aspect of 1∕K2). (a) CBF image at the first minute after MCA
occlusion overlaid with CBF50 area for rat one with smaller lesion area. (b) CBF image at the first minute after MCAO for rat one. (c) TTC stained brain
section (infarct area remained white) for rat one. (d) CBF image at the first minute after MCA occlusion overlaid with CBF50 area for rat two. (e) CBF
image at the first minute after MCAO for rat two. (f) TTC stained brain section (infarct area remained white) for rat two. The circled area in either (b) or
(e) contains the core CBF50, i.e., more than 70% pixels of CBF50 are within this area.
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area exhibited CBF reductions to below 50% of the contralateral
hemisphere, which remained unchanged at 2 h after occlusion.29

It was further shown that tissue acidosis corresponded to a CBF
value below 0.0.31� 0.11 mLg−1 min−1 after 2 h MCAO.30

Yet, those studies relied on the autoradiographic techniques
for analyzing CBF, which needed to sacrifice the animals at
the time of measurement. Shen et al. used diffusion-weighted
and perfusion-weighted MRI modalities to investigate cerebral
ischemic injury in rats intraluminal suture MCA occlusion
model.11 In this way, they obtained the CBF data noninvasively

every 30 min for 3 h. The CBF threshold was derived by the
correlation with TTC-infarct volume at 24 h after occlusion
and was shown to be around 0.3� 0.09 mL g−1 min−1

(57� 11%) reduction of baseline. The CBF lesion volume
calculated below this threshold remained constant over time
in this study.

In our work, the 50% CBF threshold also gave good corre-
lation between CBF reduction area and TTC-infarct volume. As
shown in Fig. 5(b), about 93% of the first 30 min after occlusion
had significant correlation between the CBF50 areas and final

Fig. 4 Changes of total CBF reduction area at different time points after occlusion along with baseline in one rat. (a–d) Reduction area calculated using
threshold equal to 25% (CBF25). (e–h) Reduction area calculated using threshold equal to 50% (CBF50).

Fig. 5 Variations of correlation coefficients between infarct volume and CBF reduction area within 90 min after occlusion using thresholds of 25%
(CBF25) (a) and 50% (CBF50) (b) and the linear regression plots at their respective maximum time points (c) and (d) (n ¼ 12).
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infarct volumes. More importantly, linear regression analysis
showed that the correlation coefficient R2 reached the maximum
value at the first minute after occlusion (R2 ¼ 0.54, p < 0.05).
Thanks to the high spatial and temporal resolution of the CBF
monitoring system, we could obtain the real time CBF data
immediately after the artery occlusion and found the strongest
correlation at the first minute after MCA occlusion. To the best
of our knowledge, this is the earliest CBF signal for infarct
volume prediction.

4.2 Improving Infarct Volume Consistency by Early
Brain Injury Prediction

The intraluminal filament technique has been widely used in
MCAO modeling experiments for its relatively noninvasive
and reversible features.19,20 However, one major limitation of
the intraluminal filament model is the high variability in infarct
volume arising from various factors such as animal brain vas-
cular anatomy and weight, suture material, sites of occlusion,
etc.31,32 The reliability and reproducibility of cerebral ischemia
animal models are important in order to perform systematic
study of the pathophysiology and treatment of stroke. The vari-
ability in infarct volume from animal to animal necessitates the
use of large numbers of animals to discern statistical signifi-
cance in experimental studies, such as therapeutic study.32,33

In the intraluminal filament MCAO model, the depth of fil-
ament insertion from the bifurcation of common carotid artery
toward the middle cerebral artery should be carefully controlled
to ensure a successful MCA occlusion. If the filament is
advanced too much, the risks of subarachnoid hemorrhage
(SAH) will increase and mortality rate of the model is high,
while an insufficient filament insertion will leave the MCA
unoccluded and cause a failure of modeling. In the past two dec-
ades, LDF is a widely employed technique to monitor the CBF
changes during MCAO surgery to help determine whether the
stroke model is successful.15 To ensure a successful occlusion, a
drop in blood flow velocity to 15% to 30% of baseline level
on the surface of the ipsilateral dorsolateral cortex should be
observed by LDF.13,34 However, CBF obtained by LDF is con-
strained to very limited locations without spatial distribution
information, thus not able to predict the infarct volume pre-
cisely. The infarct volumes vary a lot even though similar
CBF reduction was observed by LDF.13–15

Our real-time CBF monitoring system can be readily used to
provide full-field CBF information in a high spatio-temporal
resolution during the MCAO surgery. Moreover, since we
found that the CBF decreasing area immediately after MCA
occlusion is closely related to the infarct volume, we may utilize
it as a guidance for surgery operation to adjust the depth of fil-
ament insertion in real time so as to improve the infarct volume
consistency. Also, the rats with abnormal lesions developed
such as no lesions or SAH could be excluded at an early
time point based on the prompt CBF prediction.

5 Conclusion
The goal of the work is to identify the tissue destined for infarc-
tion at the earliest time point after stroke in rat MCAO model.
With our self-developed head-mounted real-time LSI system,
we were able to investigate the full-field CBF changes during
and after the MCAO stroke model. With special attention
on the early stage (within 90 min) after MCA occlusion, we
found that the CBF velocity reduction area by CBF50 method
at the first minute after occlusion closely correlated with the

infarct volume at 24 h after surgery. To the best of our knowl-
edge, this is the earliest CBF signal for infarct volume predic-
tion. Based on such a CBF–infarct volume correlation, LSI may
be used as a real time guidance for improving the consistency of
intraluminal filament MCAO model since the depth of filament
insertion could be adjusted promptly and those unsuccessful
models could be excluded in the earliest stage.
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