Journal of Biomedical Optics 10(2), 024019 (March/April 2005)

Temporal clustering analysis of cerebral blood
flow activation maps measured by laser speckle
contrast imaging

Qian Liu Abstract. Temporal and spatial orchestration of neurovascular cou-
Zheng Wang pling in brain neuronal activity is crucial for comprehending the
Qingming Luo mechanism of functional cerebral metabolism and pathophysiology.
Huazhong University of Science and Technology Laser speckle contrast imaging (LSCI) through a thinned skull over the
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. istics of local cerebral blood flow (CBF) in anesthetized rats during
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E-mail: gluo@mail-hust.edu.cn sciatic nerve stimulation. The time course of signals from all spatial

loci among the massive dataset is hard to analyze, especially for the
thousands of images, each of which composes millions of pixels. We
introduce a temporal clustering analysis (TCA) method, which is
proven as an efficient method to analyze functional magnetic reso-
nance imaging (fMRI) data in the temporal domain. The timing and
location of CBF activation shows that contralateral hindlimb sensory
cortical microflow is activated to increase promptly in less than 1 s
after the onset of 2-s electrical stimulation and is evolved in different
discrete regions. This pattern is similar but slightly elaborated from the
results obtained from laser Doppler flowmetry (LDF) and fMRI. We
present this combination to investigate interacting brain regions,
which might lead to a better understanding of the nature of brain

parcellation and effective connectivity. © 2005 Society of Photo-Optical Instru-
mentation Engineers. [DOI: 10.1117/1.1891105]
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1 Introduction suffers from the limitation of measurement on a single point.

Cerebral blood floWCBF) changes resulting from brain func- ~ Therefore, a noninvasive CBF monitoring method that does
tional activation are an important component of the hemody- Not suffer from either limited spatial resolution, temporal
namic response. Monitoring the temporal and spatial changesresolution, or a combination thereof, would be helpful in ex-
of CBF is crucial to comprehending the mechanism of func- Perimental investigations of functional cerebral activation.
tional cerebral metabolism and pathophysiology. At present ~ One technique is the laser speckle imaging technitj&e)
there are several techniques for CBF velocity measurement.using the first-order spatial statistics of time-integrated
Laser-Doppler flowmetry(LDF) is typically used for blood ~ speckle, which was first proposed by Fercher and Bfirs,
flow monitoring and provides high temporal resolution mea- and further developed by a few groutisThey demonstrated
surements of relative blood flow changes from a limited num- that the motion information of the scattering particles could
ber of isolated points in the brai@pproximately 1 mrf).>2 be determined by integrating the intensity fluctuations in a
While scanning laser-Doppler systems can be used to obtainspeckle pattern over a finite time. The speckle method has
spatially resolved relative CBF images, their temporal resolu- been used to image blood flow in the reffhand skin'*

tion is insufficient for imaging the cerebral blood flow re- Lately, the group at Harvard medical school applied this
sponse to most functional stimuli due to the need for method to image blood flows during focal ischemia and cor-
scanning* such as laser-Doppler perfusion imagifiddP!). tical spreading depressi¢@SD).*?*3In previous report$*-1°
Another method is time-varying laser speckfewhich also we developed a modified laser speckle imaging method that is
based on the temporal statistics of a time-integrated speckle.
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studied in theory and compared with laser speckle contrast
analysis(LASCA).*® ;
We investigated the spatiotemporal characteristics of
changes in cerebral blood volume associated with neuronal s
activity in the hindlimb somatosensory cortex of §
a-chloralose-urethane anesthetized rats with optical imaging
at 570 nm through a thinned skdll Activation of the cortex
was carried out by electrical stimulation of the contralateral
sciatic nerve with 5-Hz, 0.3-V pulsg®.5 m9 for 2 s. The
stimulation evoked a monophasic decrease in optical reflec-
tance at the cortical parenchyma and arterial sites soon afte
the onset of stimulation, whereas no similar response was
observed at vein compartments. Another grégso demon- . ) ) ] )
strated that LS| can monitor the cerebral blood fI6BBF) Fig. 1 (a) Locatloh of active region. (b) Schematic of system for laser
behaviors with regard to neural mechanisms of brain events speckle contrast imaging. The light beam from a He-Ne laser was
: ) > . coupled with a stereo microscope through an 8-mm-diam fiber, which
under the normal and pathophysiologic conditions, which of- \as adjusted to illuminate the area of interest evenly and generated
fered far better spatial and temporal resolution than most al- images by a CCD camera.
ternative imaging techniques thus far. However, it is awkward
to show the time course of signals from all spatial loci among
the massive dataset, especially when we had to deal withto translucency with a saline-cooled dental drill, as shown in
thousands of images, each of which is composed of millions Fig. 1(a). Supplemental dosésne-fifth initial dosg¢ were ad-
of pixels. Fortunately, temporal clustering analy@€A) was ministered hourly, and atropin®.4 mi/kg s¢ was needed to
proved to be an efficient method to analyze functional mag- reduce mucous secretions during surgery. The contralateral
netic resonance imagindfMRI) data in the temporal  Sciatic nerve was dissected free and cut proximal to the bifur-
domain®® cation into the tibial and peroneal nerves. Then the proximal
We used TCA to analyze the data from LSI high-resolution €nd was placed on a pair of silver electrodes and bathed in a
optical imaging. TCA is based on a probability distribution of Pool of warm mineral oil.
the overall brain voxels that concurrently reach extreme inten- )
sity change of imaging signals, which define a group of maxi- 2-2 Laser Speckle Imaging System
mal pixels at a certain momefN,,,,) as a temporal cluster.  The speckle contrast imaging instrument is shown in Fig.
Mathematically, TCA avoids complicated computation, since 1(b). The light beam from a He-Ne laser=632.8 nm, 3 mw,
it converts a multiple-dimension data space into a simple re- Melles Griot, CA was coupled with a stereo microscope
lationship between the number of pixels and the time. Unlike (SZ6045, Olympus, Japanthrough an 8-mm-diam fiber
other paradigm-dependent methods, this method does not rebundle. The illuminated area was imaged onto a CCD camera
quire the slightest idea of prior assumptions or knowledge (Pixelfly, PCO Computer Optics, Germanwith 640Xx480
regarding the possible activation patterns. As an example, wepixels. The single sciatic nerve on the left was stimulated 2 s
present this novel statistical analysis method to resolve the with rectangular pulses of 0.5-ms duration, 350-mV intensity,
temporal evolution of evoked CBF changes across the soma-and 5-Hz frequencyMulti Channel Systems, GermanyFor

T adossoroty

Sciatic Nerve
| Stimulation

Computer

tosensory cortex during sciatic nerve stimulation. each animal, a single-trial procedure was repeated 15 to 20
times and separated by an interval of at least 4 min. 400
2 Material and Methods frar_nes of raw images were obtained in lO_—s smglc_e trials,
) i while the electrical stimuli started & s and the images in the
2.1 Animal Preparations first 2 s were recorded as baseline. Images were acquired

All animal experiments were performed within the guidelines through Easy-Control softwar@CO Computer Optics, Ger-
for neuroscience research. Ten adult male Sprague-Dawleymany) at 40 Hz and synchronized with Multi Channel Sys-
rats (350 to 400 g, Animal Research Center in Hubei, China tems. Notably, data acquisition was synchronized with the
were initially anesthetized with 2% halothane. The right electrical signal via an appropriate trigger circuit, and there-
femoral vein was cannulated for drug administration and the fore the procedures of data analysis described later could im-
right femoral artery for measurement of mean arterial blood prove the reproducibility of our results and enhance the
pressurgPcLab Instruments, ChifaA tracheotomy was ex-  signal-to-noise ratié’

ecuted to enable mechanical ventilation with a mixture of air

and oxygen20% O,, 80%N,, TKR-200C, China Periodi- 2.3 Data Processing Methods

cally, blood gases/acid number were analyzed and kept at

physiological arterial blood levels ¢faQ, PaCQ, and pH 2.3.1  OTCA and MTCA

(JBP-607, Dissolved Oxygen Analyzer, Chindhe animals The raw LSCI images were processed with the algorithm of
were mounted in a stereotaxic frame, and rectal temperatureLASCA described in detail by Dunn et &#!*?!Relative ve-
was maintained at 37%60.5°C with a thermostatic heating locities of capillary blood and cerebral blood flow maps were
blanket. Anesthesia was continued with an intraperitoneal in- obtained according to the relationship between the speckle
jection of a-chloralose and urethari0 and 600 mg/kg, re-  contrast and correlation time. To seek the maximal brain re-
spectively. The skull overlying the hindlimb sensory cortex sponses from a population of brain activation images, Liu
(2.46x3.28 mm caudal and lateral to the bregtavas bored et all® and Yee and G&b have presented origin TCA
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(OTCA)*® and modified TCAMTCA)? algorithms for time
course fMRI images. We applied the OTCA and MTCA algo-
rithms in laser speckle contrast images to analyze the tempo-
ral and spatial CBF changes that occurred in optical images.

The LSCI sequence@mages withx Xy spatial pixels at
time pointt) were built into a multidimension data matrix
S(x,y,t) as follows:

S1,1 S1,2 S1,3 T Sl,t
S S22 Sz 0 Sy

S(X1y1t): S3,l S3,2 S3,3 e 83,'[

Sx><y|1 Sx><y,2 Sx><y,3 Sx><y,t

1) Fig. 2 Blood flow pattern from a laser speckle contrast image. ROI-A

The matrix elemens, ; is given by the pixel value at thih represents the area of a larger blood vessel. ROI-B represents the area
. ) j IS given by the p . of the blood vessel bed.

spatial and’th temporal position1<i<xXy,l<j=<t). For

OTCA, the matrixS,j is normalized with the baseline pixel

va(t)lue S0 and replaced with the same dimensional matrix of 5 temporal cluster, while MTCA is based on the integrated
Vi signal intensity of a temporal cluster at each time point.

IS j—Sidl ) . 2.3.2  Simulation of noisy LSCI images in time series
=—c — (IsisxXxylsj=t). 2 and activation patterns

To generate simulated LSCI image data, a single image with
cerebral blood capillaries was selectéeg. 2). Due to the
fact that the maximum value is computed in TCA, LSCI im-
M ) ) age data should be converted to reciprocal on account of that
Vii=S j(IsisxXy,lsj=<t). ©) the minimum value of the imag@larke) represents the fast
velocity. The pixels number of one image is>%527. Two
|regions of interestROIs), ROI-A and ROI-B, were selected
to represent different locations of cerebral blood vessel. The
number of pixels in ROI-A and ROI-B were 720 and 370,
respectively. 9%127xX150 (x,y,t) random data points fol-
lowing a Gaussian distribution (mean=0, standard
deviation=1) were generated using Matlab softwdversion
6.0, MathWorks, Natick, MA to create 150 noise images
4) simulated in a time series. The maximum contrast-to-noise
0, otherwise ratio (CNR=1/c0, wherel is the activation intensity, and is

. o . . the noise levelvaried from 1 to 5 when the noise level was
However, the selection criterion of MTCA is weighted by the 104 and maximum signal change in the ROI ranged from 1 to

intensity of the original pixel. Therefore, the transient matrix 5oy ROJI-A and ROI-B were assumed as the brain activation

While for MTCA, matrix Vi“f'j is constructed without any nor-

malization process from the matr ; :

To track the extreme signals on the pixel-wise LSCI time
series, there is a selection criterion that states whether a pixe
at thei'th spatial point reached maximum at thi¢h time
point among the whole changes in time. From ma\tﬁg of
OTCA, a transient matri>Wi(?j with the same dimension can
be obtained using the following selection criterion:

i

o [1, it VO=maxVe Ve, Vs, Vi

W/} of MTCA can be obtained as follows: zones in time series images. Activation intensities were set to
M e oM MM M y 1, 3, and 5%, respectively, and occurred at the time points of
M_ Vi,j , df Vi,j:max{vi,livi,zvvi,?n'"=Vi,t} 30 to 45 in ROI-B and 70-85 in ROI-A, as shown in
W= 0, otherwise : Figs. 3a), 3(b), and 3c).

® 2.3.3 Data processing

W, andW}; are the extreme pixels at the diverse time point. goth OTCA and MTCA methods were applied separately for
Furthermore, the sum of those extreme pixels at ea'cl:h iMeeach of the activation patterns. Normalized maximal pixel
pointt generate 1-D temporal changes in pattéfhandK;" : numbers(Npa,) defined as the normalized? or K}* in Eq.
(6) is plotted against time points as shown in Fig&l)33(e),
and 3f) for OTCA; and 3g), 3(h), and 3i) for MTCA, where

K?:zl W and KjMIZ«l wiY. (6) the peak of simulated brain activations can be visually de-

tected. In the condition of low CNRCNR=1), both OTCA

Consequently, the plots NJQ and K}\’I against time points can  and MTCA methods cannot distinguish the signal from noise.
be used to detect time windows of activation peaks without When CNR=3 or CNR=5, OTCA can distinguish the activa-
assuming the temporal response pattern of the brain. The dif-tions in ROI-B and ROI-A, however, MTCA misses the de-
ference between OTCA and MTCA is the recording method tection of ROI-B. Amplitude of activation response in ROI-A
of maximum pixels. OTCA is based on the number of pixels is approximately twice higher than that in ROI-B by OTCA,

XXy XXy

Journal of Biomedical Optics 024019-3 March/April 2005 + Vol. 10(2)



Liu, Wang, and Luo

Activation Patterns o OTCA o NMTCA _
1% j

154 150

‘o)
)
by
8 8§
_ ﬂ}i

@ =
s 0 0 e v o g ] o 150 0 £ 100 150
,.;, a ﬁ d - g
= (L m B o
_E i L - :—r
= 3% 1 <
F o b el | 150
B = 7]
= k B: A E 100 & m
.
d l J o] =
5 T =0 ey
& § & e @0 4 a4 & w0 150 :g I R " R -
,g b = e - h
= = =]
= oo E. e
—
i 0 =
v i 2 1 I
B A - e
i | = H
0 &0 T V50 a S0 104 1&0 2 =0 e IS0
c f i

Tione Pomts

Fig. 3 Simulated activation patterns and the resulting temporal data of TCA. Activation intensity was varied from 1 to 5% by 2% increments with
noise level of 1% [(a), (b), and (c)]. All plots of N, were normalized to the same scale. The plots in the second columns [(d), (e), and ()] are results
of OTCA. And the third columns [(g), (h), and (i)] are the results of MTCA.

due to the fact that the statistics of the pixel number in ROI-A Finally, all the labeled locationghose extreme pixelsvere

is approximately doubled compared with ROI-B. Inversely, superimposed on a vascular topography of the somatosensory
the activation response area in the imaging can be determineccortex[Fig. 4(@)] by means of the Matlab softwafEigs. §a)

by tracking Eqgs.(6) to (1), if the activation time point is and Gb)].

given. Compared with Fig. &), the areas of low speckle-contrast
values(darker areasthat indicate increased blood flow were
3 Results evident in Fig. 4d). Thus, electrical stimulation of the sciatic
Each of the LSCI images was a data matrix of 4830 nerve elicited robust increases in CBF across the somatosen-
within the field of view of a CCD camera 2.4@.28 mm, sory cortex, which was coherent with the former conclusions
yielding a spatial pixel size of 5.&m with a modified laser ~ Obtained by LDF*2* and _fMR|-2_5 Since a large temporal
speckle image method. First, a speckle-contrast inf&ges. and spatial heterogeneity exists in the cerebrocortical
4(c) and 4d)] was computed for each raw speckle imégig. vasculaturé® TCA was applied to seek when and where the

4(b)] by the definition of speckle contrast. A template with brain will respond after extern stimuli, regardless of indi-
5x5 pixels was used. Second, a relative blood-flow image Vidual anatomic featuré$. The temporal response profile in
was obtained. Each set the five speckle-contrast images and™ig.- 5(b) exhibited only a slight difference in a double
multiple CBF measurements from each imaging session waspeak other than a pronounced peak revealed by other
averaged together for further analy&sThird, since the dis-  technique$?**This double peak actually represented distinct
tribution of the maximal signals was subject to random noise localizations of CBF activation at different moments, which
in a single trial, the prior averaging strategy could accommo- also demonstrated the spatial flow heterogerféd§As illus-

date interindividual variations so that the temporal peaks be- trated in Fig. 6a), CBF activation at the early phase is spa-
came more reliable and distingigs. 5a) and 5b)]. Next, tially localized to the capillary bed. More discrete dotted re-
the time window was determined by data fitting near these gions activated by propagation of increased neuronal activity
peaks with a Gaussian model function. Then a student’s t-testshowed CBF draining in larger vessél§g. 6(b)]. The results
between the pixels inside the time window and the controlled analyzed by the TCA method indicated that the whole pattern
resting pixels was applied to create the spatial activation map. of CBF response to extern stimuli has distinct time phases and
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| mm 1 mm

Fig. 4 LSCI of a representative animal. (a) and (b) A vascular topography illuminated with green light (54020 nm) and a raw speckle image with
laser. (a) The vascular pattern was referenced in case loss of computation occurred. (c) and (d) Speckle-contrast images under the prestimulus and
poststimulus level demonstrated response pattern of cerebrocortical microflow, in which arteriolar and venous blood flow increased clearly due to
sciatic nerve stimulation. The gray intensity bar (c) and (d) indicates the speckle-contrast values. The darker values correspond to the higher blood
flow.

space loci, in which there are different regulation pathways to fMRI, which shows a similar time window response with

control CBF changes at different levels of blood vessels.

4 Discussion

simulated activatio”> However, in LSCI, particularly in
maps of blood vessels, there are minor different results due to
the different intensity distribution between the OTCA and

Using the TCA method in LSCI imagesl we can extract the MTCA method. The OTCA method is based on the number of
CBF activation time window and activation location in anes- pixels with maximum intensity of a temporal cluster at each
thetized rats during sciatic nerve stimulation. The simulation time point, while the MTCA method is the integrated maxi-
result(Fig. 3 of the activation pattern and experimental result mum signal intensity of a temporal cluster. The OTCA
in time-series noisy LSCI images is consistent with that in method is more spatially sensitive than the MTCA method,

a b
B000 Bioo -
7000 Baseline level 7000 s Stimulus - 2 sec
v "y
= B0 = 0
- =
&5 | &5 | i g
™ u i ]
% 400 = 4000 Ime Window
£ £ _
Z Z 3 Ll
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e | A S Bt % § 4.8 5 4 4
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Fig. 5 N, as a function of time, which stood for those pixels that reached a maximal signal at a certain moment and its value on each pixel meant
the time when maximal response occurred. (a) N, in control experiments without sciatic nerve stimulation, which stood for a baseline level of
CBF activities embedded in all physiological and systemic noises (n=6). (b) Temporal maxima of CBF response to sciatic nerve stimulation. A time
window (0.50+0.15 to 4.50%0.10 s) contained a double peak, 1.10+0.10 s for the first peak and 3.05%+0.10 s for the second (n=10). The bold
black line represented a stimulus of 2-s duration.
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300

Fig. 6 Spatial activation map of CBF induced by sciatic nerve stimulation. Two representative images were selected from the relative blood flow
images with labeled extreme pixels at the double peak in Fig. 5(b) to display spatial evolution of CBF response across the imaged area. (a) and (b)
Activated locations of CBF at the first and second peak. The dotted areas stood for changes of CBF that reached extrema at the peak moment.

since each of the pixels, whether in a high signal intensity exist many neural vasomotor pathways in the cerebral vascu-
area or in low signal intensity area, is equal in the OTCA lature to cause specificities in regulation of blood flow. In
method, and these kinds of pixels are classified into one clus-view of its spatial distribution localized in capillaries and mi-
ter. However, in the MTCA method, only the pixels in the croarterioles, it is presumably associated with the neurogenic
high intensity area where maximum intensity occurs in a time regulation of coupling by classical neurotransmitters such as
series are classified into one cluster. As a result, the MTCA acetylcholine®? Further experiments to investigate the neuro-
method can be applied to LSCI images, whose blood perfu- genic effects on the cerebral vessels are needed to provide
sion predominantly occurs in larger blood vesgRDI-A in more convincing evidences.

Fig. 2. What is more, OTCA can be applied not only in larger
blood vessels but also in vessel beds that have abundant caps
illaries embedded under the surface membréR&I-B in
Fig. 2). It should be pointed out that the TCA method is not
suitable in the case of low CNR in laser speckle imaging and
the method also reveals the same feature in fRfRThen,
principal components analysiBCA)?” and independent com-
ponents analysi$ICA)?® should be developed to deal with
this kind of laser speckle image.

In addition, a spatial activation map of CBF induced by
sciatic nerve simulation can be provided by the TCA method
in LSCI images according to the given time point. Although This work was supported by grants from the National Science
the CBF activation map in fMRI is also shown in the soma- Foundation of China for distinguished young scholamsm-
tosensory cortex with a resolution of 470n,2° a combination ber 6002551} the National Science Foundation of China
of LSCI and TCA has the ability to provide higher resolution (number 30170306 and the Preliminary Project of the
imaging to resolve blood capillaries in the activation area. The National Basic Research Priorities Prograrmumber
temporal and spatial orchestration of neurovascular coupling 2001CCA0410D The authors appreciate A. C. Ngai, P. Ban-
in the brain neuronal activity is crucial for comprehending the dettini, L. Sokoloff, and L. Wang for their invaluable help
mechanism of functional cerebral metabolism and pathophysi- during the preparation of this manuscript.
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