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Summary: Laser-speckle flowmetry was used to characterize
activation flow coupling after electrical somatosensory stimu-
lation of forepaw and hindpaw in the rat. Quantification of
functional activation was made with high transverse spatial
(pm) and temporal (msec) resolution. Different activation lev-
els and duration of stimulation were quantitatively investigated,
and were in good agreement with previous laser-Doppler
measurements. Interestingly, the magnitude but not the over-
all shape of the response was found to scale with stimulus

amplitude and the distance from the activation centroid. The
results provide new insights about the spatial characteristics
of cerebral blood flow response to functional activation, and
the method should lead to improved understanding of the
coupling of neuronal activity and hemodynamics under
normal and pathologic conditions. Key Words: Laser
speckle—Somatosensory cortex—Activation flow coupling—
Flowmetry—Functional imaging—Cerebral blood flow.

The coupling between functional stimulation and re-
gional changes in cerebral blood flow (CBF), often re-
ferred to as activation flow coupling (AFC), has been
known for over a century, but is still poorly understood
(Lou et al., 1987; Villringer and Dirnagl, 1995). Because
most neuroimaging methods rely on AFC as an indicator
of neuronal activity, a detailed characterization of AFC
under normal conditions will improve understanding of
normal as well as pathologic brain physiology. Thus far
numerous methods have been used to measure blood
flow changes in brain during functional activation, in-
cluding positron emission tomography (Frackowiak et
al., 1980), single photon emission computed tomography
(Van Heertum and Tikofsky, 2000), magnetic resonance
imaging (Kim, 1995; Kwong et al., 1992), autoradiogra-
phy (Sakurada et al., 1978), and laser-Doppler flowmetry
(Ances et al., 1999; Nielsen et al., 2000), but there is still
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a need for relatively simple and inexpensive techniques
with high spatial and temporal resolution.
Laser-speckle flowmetry (Briers, 2001; Briers and
Webster, 1996) offers high spatiotemporal resolution im-
aging of CBF, especially for small animal models, and it
is closely related to the laser-Doppler technique (Briers,
1996). In speckle flowmetry, scattered laser light with
different paths produce a random interference pattern
known as speckle, whose fluctuations contain informa-
tion about the motion of particles in the underlying me-
dium. A variety of methods (Briers, 2001) use this effect
for tissue studies, including deep tissue laser-Doppler
flowmetry (Bonner and Nossal, 1990) and diffuse corre-
lation spectroscopy (Boas and Yodh, 1997; Cheung et
al., 2001; Culver et al., 2003a). Laser-speckle flowmetry
has also been used to measure blood flow in near-surface
tissues such as skin (Fujii et al., 1985; Ruth, 1994), retina
(Tamaki et al., 1994), optic nerve (Yaoeda et al., 2000),
and recently brain (Bolay et al., 2002; Dunn et al., 2001).
In this study, laser-speckle flowmetry was used to
characterize the near-surface AFC after electrical so-
matosensory stimulation of forepaw and hindpaw in the
rat. Statistical analyses of the images were carried out,
and “correlation coefficient images” were used to extract
regions of interest (ROIs). Basic functional mapping was
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demonstrated by separating the activation after forepaw
and hindpaw stimulation. Using high-resolution temporal
(5 Hz) and spatial sampling (32 wm), the effects of
stimulus amplitude and duration were investigated. This
information was then used to characterize the spatial
extent of the activation, the shape of its evolution with
time, and its dependence on distance from the centroid
of activation. The spatiotemporal characteristics of the
AFC response across the whole somatosensory area was
thus determined.

MATERIALS AND METHODS

Surgical preparation and stimulus presentation

Eight male Sprague-Dawley rats (250-300 g) were anesthe-
tized with halothane (1%) in nitrous oxide:oxygen (70:30).
They were tracheotomized, mechanically ventilated, and a
catheter was placed into a tail artery for monitoring blood pres-
sure and measuring blood gases. Body temperature was main-
tained at 37.5° + 0.2°C and Paco, levels were kept between 30
and 40 mm Hg by periodic arterial blood gas sampling and
adjustment of the respirator. A 5-mm-diameter craniectomy
was performed with its center over the forepaw/hindpaw so-
matosensory area (2.5 mm lateral and 1 mm anterior to the
bregma) using a saline-cooled dental drill. After surgical prepa-
ration, the halothane was discontinued and the animals were
administered 60 mg/kg of a-chloralose intraperitoneally, fol-
lowed by hourly supplemental doses of 30 mg/kg. Electrodes
for stimulation were inserted subdermally into the fore-
paw/hindpaw contralateral to the craniectomy site, as described
previously (Detre et al., 1998).

A rectangular constant current stimulus of 4 or 8 seconds
was applied at 5 Hz and with amplitudes of 0.5, 1, and 2 mA.
The stimulus protocol consisted of 20 seconds of data acquisi-
tion at 5 Hz, with the 4- or 8-second stimuli starting after 4
seconds. This protocol was repeated 10 times for each stimu-
lus condition. Each condition was repeated twice and ana-
lyzed independently. Forepaw stimulation was completed in all
animals (n = 8), and in two animals (n = 2) a single series of
4-second stimulations at 2 mA was also obtained with the
electrode inserted in the hindpaw contralateral to the craniec-
tomy site.

Two animals were discarded from the data analysis (n = 6)
because a very large vessel ran directly over the forepaw area
and dominated the CBF images. For the analysis of the spatial
response, the data from two animals were not used (n = 4)
because, it was found that the activation area extended outside
our field of view precluding accurate measures of the activa-
tion area.

Laser-speckle flowmetry instrument

Figure 1A shows a sketch of the experimental set-up. A
collimated, laser diode (Hitachi, HL 785 1G, 785nm, 50mW,
Thorlabs, Newton, NJ, U.S.A.) driven by a custom-made driver
illuminated the exposed cortex (approximately 5-mm diameter)
at approximately 30 to 40 degrees from vertical. The laser beam
was adjusted to provide uniform illumination of the surface of
the brain tissue. Images were recorded by a 12-Bit, TEC cooled
CCD camera (QImaging, Retiga 1350EX, Burnaby, B. C.,
Canada) using imaging software (StreamPix, NorPix, Montre-
al, Quebec, Canada). A 60-mm lens (AF Micro-Nikkor 60mm
£/2.8D, Nikon, Melville, NY, U.S.A.) was used to focus the
image and the aperture was adjusted so the speckle size
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FIG. 1. (A) A sketch of the laser-speckle imaging setup. The
CCD camera is positioned over the exposed area with a slightly
larger field of view than the craniectomy site. A collimated beam
from a 785-nm laser diode illuminates the exposed brain tissue.
(B) White-light image of the craniectomy at the contralateral side
showing the location of bregma with the AFC response from the
forepaw and hindpaw stimulation superimposed. The forepaw
centroid is approximately 4 mm lateral to the bregma and is sepa-
rated 1.8 mm from the hindpaw centroid.

matched the pixel dimensions (6.45 x 6.45 wm) (Dunn et al.,
2001). The camera was externally triggered at 5 Hz using the
digital output of an A/D board (DataWave Technologies, Boul-
der, CO, U.S.A.). The A/D board was programmed to trigger
the camera continuously (for 20 seconds); after the first 4 sec-
onds it also triggered the stimulator with an identical signal for
the chosen duration (i.e., for 4 or 8 seconds), thereby coregis-
tering in time the data acquisition and stimulation. There was a
5-second interval between repeated stimulations where data
were not acquired. The camera streamed output frames con-
tinuously through an IEEE 1394 port to the computer and a fast
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RAID array was used to store the frames. This prevented frame
drops and allowed acquisition of approximately 1,000 x 1,000
pixel images at a rate up to 10 Hz, and smaller ROIs at even
higher frame rates. This produced approximately 24 Gb of data
per animal.

Data analysis

Theory of laser-speckle flowmetry. The theory underlying
laser-speckle flowmetry has been described in detail (Briers,
2000, 2001). Laser speckle is a random interference pattern that
arises when coherent laser light is scattered from a diffuse
medium such as tissue. If the scattering particles in the medium
are in motion (e.g., Brownian motion or flowing blood), then
the speckle pattern fluctuates randomly. These intensity varia-
tions contain information about the velocity distribution of the
scatterers. In laser-speckle flowmetry, blurring of the speckle
pattern during the exposure time of a single image is used to
extract blood-flow information. The depth sensitivity depends
on the optical wavelengths used and may extend up to 1 mm,
albeit with decreasing information at larger depths. The spatial
resolution of the method is dependent on the speckle and cam-
era pixel size, on the tissue surface, and on tissue scattering in
the deeper tissues.

A window function of 5 x 5 (32.25 x 32.25-pum area) was
scanned across the raw data, and the ratio of the standard de-
viation (o) to the mean intensity (< / >) was calculated in each
window. This quantity is referred to hereafter as speckle con-
trast, C(i,j), where i,j denote the pixel position. Images of C(i,j)
show clear maps of the vasculature. To reduce the data to be
processed to a manageable 2 Gb per animal, the images were
smoothed using a bi-cubic intrapolation method by 5 x 5, thus
reducing our spatial resolution to 32.25 pm.

The relative mean velocity of moving particles (i.e., the rela-
tive CBF) was extracted using the following relation (Briers,
2000; Bonner and Nossal, 1990):

o TC 2T 2
C(i,j)=$=<2—T(1—en-)> (1

where 7. = 1/(a k,v) is the correlation time and 7 is the camera
exposure time. Here, a is an unknown factor related to the
Lorentzian width of the scattered spectrum and the scattering
properties of the medium, v is a mean velocity, and k, is the
input light wavenumber. The mean velocity (v) was assumed to
be proportional to CBF, and relative changes in flow (ACBF)
were obtained by dividing each image by the baseline image.
Twenty repeat stimulations were collapsed to one representa-
tive stimulation by aligning time points and calculating the
mean and standard deviation of the images.

Correlation coefficient imaging. The speckle images suffer
from substantial physiologic and instrumental noise. A simple
difference/ratio method neglects useful a priori information
about the stimulus presentation. Therefore, we computed “cor-
relation coefficient images” by calculating the correlation co-
efficient for each pixel (cc;) with a simple step function de-
scribing the stimulus presentation [r; (i = 1...N)] (Bandettini et
al., 1993). The correlation coefficient is defined as

o= Efl\]:  (fim Mf)("i -1,
VYV - )

where fi(i = I ...N) is the time course of ACBF for a given pixel,
ugpand p, are the mean values of fand r, and N is the number
of frames. This was applied to all pixels in an averaged series,
producing a single image representing the activation area.
These images, rescaled (now cc!) by proportionally
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stretching the range to extend from O to 1, were used to calcu-
late the centroid of the activation and to pick an ROI for the
analysis of temporal and spatial response.

Temporal and spatial response. The temporal response was
reduced to a curve by defining an arbitrary but consistent ROI
of all pixels with cc; > 0.95, which are averaged at each time
point per series per animal. A low-pass filter was applied to
reduce physiologic noise including the cardiac rhythm at ap-
proximately 5 Hz, and an average across animals was calcu-
lated. Larger ROIs were also examined and the qualitative
shape of the response did not change with the choice of ROI.

To investigate the spatiotemporal response simultaneously,
other ROIs were defined by either thresholding at varying
ACBEF levels, or as a function of distance from the activation
centroid. The number of pixels within a given ROI at each time
point was used to calculate an “area of activation.”

The area of activation was first defined by the number of
pixels with ACBF above the half-maximum (threshold at half-
height) response. To investigate the effect of the choice of
threshold on this result, the threshold ACBF was varied from
2% to 20% in 3% increments. To quantify this response, the
curves were averaged over 1 second around the peak (Area,,,.),
and then normalized by the total mean over the three stimula-

€l max

Ar
tion currents .(0.5, 1, and 2 mA) (<Area,,>) plotting ZArea.>
versus the stimulus current. h

This normalization brought out the salient features by keep-
ing the same scale for different thresholds. The time to reach
maximum-area was defined to be the time to reach the peak in
these plots.

Statistical analysis

Data were tested for statistical significance (when appli-
cable) with repeated-measures analysis of variance. P < 0.05
was used as the significance threshold. When the linearity of
the dependence on stimulus amplitude was being tested, a Pear-
son correlation coefficient was further calculated and the cor-
responding R* and P value is reported with P < 0.05 as the
significance threshold.

RESULTS

Figure 1B shows a white-light photo of the craniec-
tomy site with the location of bregma indicated and the
AFC responses from a forepaw and a hindpaw stimula-
tion superimposed. The forepaw centroid is approxi-
mately 4 mm lateral to bregma and is separated 1.8 mm
from the hindpaw centroid. A similar result was obtained
in the other rat where the two centroids were separated
by 1.6 mm. Thus, the functional areas corresponding to
forepaw and hindpaw areas are mapped as discrete, ana-
tomically separate regions.

Figure 2 exhibits a sequence of images (200 ms/frame)
showing the spatiotemporal evolution of the AFC re-
sponse to an 8-second, 2-mA stimulation of the fore-
paw. The ROI, defined by ACBF > 7%, has been over-
laid on the speckle contrast images. The stimulation was
presented between the second 0 (ON) and 8 (OFF). The
response reached a maximum after approximately 4 sec-
onds and was followed by a relatively rapid decrease that
was sustained for approximately 1 second after the
stimulus was turned off.
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FIG. 2. Time-series (200 ms/frame) of images showing the spa-
tio-temporal evolution of the AFC response to 8-second, 2-mA
stimulation of the forepaw. The ROI defined by ACBF > 7%
is overlaid on the speckle contrast image. The stimulation is
presented between seconds 0 (ON) and 8 (OFF). L, lateral; A,
anterior, P, posterior.

Figure 3 shows an image of cc; for a 2-mA, 8-second
stimulation. Regions of interest for which cc; > 0.95
were defined to obtain integrated temporal response
curves corresponding to the blood response to activation.
Examination of the amplitude of the response to stimu-
lation revealed a nearly linear peak response as a func-
tion of stimulus amplitude for the 8-second stimulus du-
ration (Fig. 4A and Table 1). Similar results were
obtained for the 4-second stimulus duration. Normalized
responses (Fig. 4B) from the two stimulus durations (4
and 8 seconds) were the same for the first 4 seconds of
the temporal trace. Blood flow decayed rapidly after
reaching the peak and returned to the baseline after the

imm

FIG. 3. Animage of cc] for a 2-mA, 8-second stimulation in one
animal. The correlation coefficient (cc) between an input step
function and the temporal evolution of the " pixel was calculated
and rescaled to obtain cc;.
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FIG. 4. (A) ACBF in response to 8 seconds of stimulation at
three different amplitudes—0.5 mA (black), 1 mA (blue), and 2
mA (red)—averaged over pixels with > 0.95 of maximal correla-
tion coefficient. The peak response is nearly linear with stimulus
amplitude. (B) Temporal characteristics of ACBF in response to
two different stimuli durations (4 seconds [green] and 8 seconds
[red]) at 2 mA averaged over pixels with > 0.95 of maximal cor-
relation coefficient. Color coded horizontal bars indicate the
stimulus presentation. Both curves are normalized by their peak
value to bring out salient features related to the stimulus duration.

end of the 4-second stimulus. The 8-second stimulus
showed a delay of approximately 1 second decaying at a
similar rate as the shorter stimulus curve until the end of
the stimulus. After that point, the decay rate slowed

TABLE 1. Time to peak and peak amplitude of ACBF as a
function of stimulation duration and current

Duration Current Time to peak* Peak*

(s) (mA) (s) (%)

4 0.5 40+1.2 10.2+2.0
4 1 35+1.2 13.4+25
4 2 32x15 20.0+3.0
8 0.5 41=+13 102+1.5
8 1 48+1.1 13.2+2.0
8 2 40+1.2 214 +45

* Mean + SD.
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down by a factor of four for approximately 2 seconds,
which was followed by a more rapid decay over the
next 2 seconds, reaching the baseline 4 seconds after
the end of stimulus. This was independent of the stimu-
lus amplitude.

Table 1 summarizes our findings in a parameterized
manner for each stimulus condition. Time to peak was
independent of stimulus duration and current (P > 0.2).
Peak flow was linearly dependent on stimulus current
(R* = 0.999, P < 0.005 for 4 seconds, R* = 0.994, P <
0.05 for 8 seconds).

The area of activation was defined by the number of
pixels with ACBF above the half-maximum (threshold at
half-height) response. Data for the 0.5-mA stimulus in-
cluded a good deal of noise because the threshold was
close to the noise floor of the frames, but there was no
qualitative difference (P > 0.2) in the shape of the tem-
poral evolution of the activation area with respect to
stimulus amplitude (Fig. 5A). This effect, however, was
threshold dependent. Low thresholds produced a larger
activation area independent of stimulus amplitude,
whereas high thresholds produced a smaller activation
area with a dependence on stimulus amplitude (P <
0.05). To quantify the response, the curves were aver-
aged over 1 second around the peak, and then normalized
by the total mean over the three stimulation currents (0.5,

Ar
1 and 2 mA). TAren.>
th

ferent CBF thresholds are shown in Fig. 5B. This nor-
malization brought out the salient features by keeping the
same scale for different thresholds. For thresholds below
8%, the thresholded area of activation is independent of
stimulation current (P = 0.5 [2%], P = 0.06 [5%]). The
highest threshold (20%) measured mainly noise and was
also independent of current (20%, P > 0.1). Table 2
summarizes the findings for half maximum threshold.
The time to reach maximum-area was independent of
stimulus current (P > 0.2).

Images of ACBF indicate regional dependence of the
activation. To determine whether the shape of the tem-
poral evolution of this response is constant with distance
from the activation center, ROIs were defined as
nonoverlapping, concentric rings of equal area around
the activation centroid. The radius of the first filled ring
was chosen to be approximately 0.5 mm. Twenty rings
with increasing radii (maximum radius 2.29 mm) of
equal area increments were used. The temporal response
from every fourth ring is shown for simplicity in Fig. 6.
Qualitative changes in temporal features of ring diam-
eters were not observed, but the peak response decreases
with increasing ring diameter.

DISCUSSION

The blood-flow response to electrical forepaw stimu-
lation has been extensively characterized in our labora-

eamax . .
versus stimulus current for dif-
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FIG. 5. (A) Area of activation obtained from the number of pixels
with ACBF above the half-maximum response for three different
stimuli amplitudes during 8-second stimulation. The stimulus pe-
riod is shown by the black bar. There is no statistically significant
difference in the activation area as a function of the stimulus
amplitude. (B) Maximal area averaged over 1 second around the
peak normalized by its mean over the three stimulation currents
reamax
(0.5, 1, and 2 mA). The ZArea,>
CBF thresholds. Half-maximum (HM) ACBF is shown by the
dashed line. For thresholds below 8%, the thresholded area of
activation is independent of stimulation current.

versus current for different

tory with laser-Doppler methods, identifying the stimu-
lation frequency (5 Hz) for maximal response (Detre et
al., 1998), showing a linear increase with amplitude (De-
tre et al., 1998), mapping the central location of maximal

TABLE 2. Activation area and time to reach maximal-area
for different stimulus levels

Current Maximal area* Time to maximal-area*
(mA) (mm?) (s)
0.5 6.5+3.3 45+1.4
1 54+38 46+09
2 44+35 42+0.7
* Mean + SD.
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FIG. 6. Equal area rings around the centroid of activation with
radii indicated in the legend were chosen as regions of interest.
The time course of ACBF(%) does not depend on the distance
from the center of the activation. The solid bar represents the
duration of stimulation.

response (Ances et al., 1998, 1999), modeling the non-
linear effects (Ances et al., 2000), combining with
changes in O, to estimate CMRO, (Ances et al.,
2001a,c), and investigating the effect of carbon dioxide
on the CBF response (Ances et al., 2001b).

Even though these studies have provided a great deal
of information about the AFC response to forepaw
stimulation, they were limited in various aspects because
laser Doppler is essentially a point measurement. The
other available alternative, scanning laser-Doppler imag-
ing, offers high spatial resolution with a trade-off in tem-
poral resolution, which limits its applicability in studies
of the AFC (Ances et al., 1999). A high spatioresolution
imaging technique that is relatively simple and inexpen-
sive to implement is clearly desirable.

These results show that laser-speckle flowmetry is
able to effectively measure, map. and characterize the
CBF response to forepaw/hindpaw stimulation with high
temporal and spatial resolution. The statistical methods
used, including signal averaging and correlation coeffi-
cient imaging, improved the method’s signal-to-noise ra-
tio. This relatively simple technique, requiring only a
laser diode, a CCD camera, and a computer, has provided
new insights into previously relatively inaccessible as-
pects of the AFC.

A notable feature common to most images of relative
blood flow is the presence of a large vessel above the
threshold. This vessel appears to be a draining vein based
on its width and proximity to the brain surface. This
feature may hinder the identification of the activation
area in relation to the neural representation but also de-
livers potentially useful physiologic information. A ROI
chosen on the large vessel away from the central activa-
tion yielded a time course very similar to that in the
parenchyma. It is possible to resolve vessels with diam-
eter approximately 32 pm with the present system/anal-
ysis method.

Measurements of the temporal behavior of AFC at the
center of activation yielded results that qualitatively
agree with our previous data from laser-Doppler studies.
However, the peak blood-flow response measured with
speckle-contrast imaging is approximately 30% lower
than that measured previously with laser-Doppler flow-
metry (Detre et al., 1998). The physical and theoretical
equivalence of the two techniques has been discussed at
length by Briers (1996, 2001). Recently, Dunn and col-
leagues have found a high correlation between the two
techniques under conditions of spreading depression and
ischemia (Dunn et al., 2001). This high correlation may
be attributed to the laminar homogeneity of the vascular
response to both of these perturbations. Other studies,
however, have shown some discrepancies between laser-
Doppler flowmetry and laser-speckle flowmetry. Khar-
lamov and colleagues (2003) reported an underestima-
tion of up to 35% by laser-speckle flowmetry in
comparison with laser Doppler during hypercapnia. In a
comparison study between the two techniques for mea-
suring blood velocity in the optic nerve head, Yaoeda et
al. (2000) also found a poor correlation.

We believe the differences seen in our forepaw acti-
vation studies may be due to factors including variations
in animal preparation (open vs. closed skull) and differ-
ing depth sensitivity. During functional activation, the
AFC response may not extend to the topmost layers, with
the maximal response occurring at layers III through IV
(approximately 600 pm below the cortical surface)
(Chapin and Lin, 1984; Coq and Xerri, 1998; Duong et
al., 2000). Laser-Doppler flowmetry, with near-infrared
source wavelengths, was shown to be highly sensitive to
layer IV, but had lower sensitivity to shallower levels
(Fabricius et al., 1997). The depth sensitivity of laser
speckle flowmetry begins immediately below the ob-
served speckle and degrades rapidly from the surface.
This has been modeled by Monte-Carlo methods reveal-
ing that most of the information comes from the top
approximately 300 wm of the cortical tissue when the
illuminating wavelength is 785 nm Kohl et al. (2000).
Although both techniques probe to similar depths, their
partial volume effects are different. As the laser-speckle
flowmetry is further tested in the brain, a better under-
standing of these differences should emerge.

The amplitude of the response was found to mono-
tonically increase with increasing stimulus current in a
linear fashion. As expected, the longer stimulus duration
(8 seconds) led to a CBF response that had behaved in a
somewhat complex manner, suggestive of a peak-plateau
time course (Ances et al., 2000). The activation decayed
in amplitude with distance from the centroid. By exam-
ining ROIs surrounding the central peak, it was observed
that the AFC response behaves temporally similarly in
all regions activated by the forepaw stimulation. It has a
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spatially decaying profile across the field of view, but
with the same temporal properties.

The AFC response was well localized and different
functional representations of the forepaw and hindpaw
were separated by 1.6 to 8 mm, in close agreement with
previous results from electrophysiology wherein the ar-
eas were determined to be approximately 1.8 mm apart
(Chapin and Lin, 1984).

Another characteristic of the response that has not
been possible to measure with point laser-Doppler
probes is the dependence of activation area on stimulus
parameters. It was found that stimulus area does not
change with either the stimulus amplitude or duration. As
expected, this result is threshold dependent. Half-height
values provide a normalized threshold; the area of acti-
vation at this threshold level was independent of the
stimulus amplitude. However, measurements above an
approximately 8% threshold showed that the activation
area depended on stimulus amplitude. This is a common
issue in imaging modalities and extra care should be
taken when comparing results from different experi-
ments. The attempt at normalization by using the half-
height of the flow response as the threshold level as well
as statistical approaches can provide a way to cross-
validate results between different modalities.

The AFC area at half-height evaluated by laser-
speckle flowmetry was between 4.4 + 3.5 mm?” and 6.5 *
3.3 mm?. Assuming that our stimulus extends to several
digits, this area is similar to electrophysical measure-
ments, which found that the cortical area activated
was about 1.5 mm? per digit stimulated (Chapin and
Lin, 1984; Coq and Xerri, 1998). It is also qualitatively
similar to other hemodynamic measurements, such as
those of diffuse optical tomography (Culver et al.,
2003b), functional magnetic resonance imaging (Duong
et al., 2000; Hyder et al., 1994; Mandeville et al., 1998),
and optical intrinsic signal imaging (Narayan et al., 1994).

CONCLUSION
Laser-speckle flowmetry was used for the first time to
characterize activation flow coupling after somatosenso-
ry stimulation. This technique provides high spatiotem-
poral information and is ideal for the study of basic func-
tional mapping as well as for characterizing the AFC
response. It can easily be combined with other optical
techniques including optical intrinsic imaging (Dunn et
al., 2003), diffuse optical tomography (Culver et al.,
2003b; Yu et al., 2003), and diffuse correlation tomog-
raphy (Culver et al., 2003a) for simultaneous measure-
ment of tissue oxygen saturation, total hemoglobin con-
centration, and oxygen consumption, and for low-
resolution three-dimensional imaging. Future studies of
fundamental brain pathophysiology in animal models

and in human subjects are feasible.
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