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a b s t r a c t

Previous studies have implicated the abnormal activation of the trigeminal system to be a factor in the
pathogenesis of migraine. The relationship between vascular changes and migraine, however, is under
considerable debate. In this study, temporal laser speckle contrast imaging is combined with ridge track-
ing based vessel detection to obtain high resolution (6.7 �m × 6.7 �m), high contrast images of cerebral
vascular structure. For the first time, the vasomotor and blood flow responses to electrical stimulation
in rat peripheral trigeminal system were obtained simultaneously. The system is capable of picking up
individual vessels with diameters down to 30 �m. The spatial spread of the blood velocity response rel-
ative to the point of stimulation was studied. Analysis of branching vessels showed a 50 ± 5% vs. 30 ± 5%
change in mean peak magnitude and a 54% per second vs. 17% per second change in mean rate of increase
for vessels proximal vs. distal to the stimulation site. The penetration depth of the laser used was proven
to be sufficient to image dural as well as cortical vessels through a thinned skull preparation. Different
responses were observed from cortical and dural vessels. While the diameter of cortical vessels did not

change in response to the stimulation the blood velocity went up by 65 ± 5% per second. Dural vessels
enlarged by 40 ± 8% and the blood velocity increased by 50 ± 5%. The method described here could be
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. Introduction

Migraine is a common incapacitating disorder. One of the pro-
osed mechanisms of migraine, still under active investigation,

s that neural events cause vasodilation, which, in turn, results
n pain and further abnormal activation of the trigeminal nerve
ystem (Goadsby et al., 2002). Early studies have implicated the
fferent input from the dura mater to be the neural substrate
or headache (Penfield, 1940; Ray and Wolff, 1940) and hence
he meningeal sensory innervation from the peripheral trigemi-
al nerves is a major focus in migraine research (Pietrobon and

triessnig, 2003; Strassman and Raymond, 1997). Abnormal acti-
ation of the peripheral trigeminal nerve is known to cause the
elease of Calcitonin Gene-related peptide (CGRP), neurokinin A,
nd substance P into the dural meningeal vessels which in turn
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ause vasodilation and plasma protein extravasation (Arulmozhi
t al., 2005; Edvinsson and Goadsby, 1994b). However, the fail-
re of vasoconstrictors like epinephrine to cure migraine indicates
hat vasodilation is not the only perturbation caused by neu-
ogenic inflammation (Bergerot et al., 2006). Other vascular or
lood circulation changes may also be responsible. Neverthe-

ess, the relationship between vascular changes and migraine is
ontroversial.

Most neurovascular models of migraine are focused on changes
esulting from trigeminal nerve activation with electrical or chem-
cal stimulation. Electrical stimulation of the peripheral trigeminal
erves is a mature model for the study of migraine (Ahn and
oadsby, 2006; Bergerot et al., 2006). Earlier studies have mea-
ured blood flow changes using Laser Doppler Flowmetry (LDF)
Shimazawa and Hara, 1996) and intravital microscopy for detect-
ng vascular diameter(Williamson et al., 2001). These studies have

ooked at limited vessels, mainly branches of the middle meningeal
rtery (MMA), and failed to give an overall understanding of the
ifferent responses from dural and cortical vessels. The meningeal
ensory fibers innervate major cerebral arteries, including pial
rteries such as the middle cerebral artery that carry the blood

http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:nitish@jhu.edu
dx.doi.org/10.1016/j.jneumeth.2008.07.013
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smallest value that elicited reliable responses. In accordance with
N. Li et al. / Journal of Neurosc

o the brain, as well as the dural venous sinus that carries blood
way from the brain (Strassman and Levy, 2006). However, most
f the current neurophysiological studies focus mainly on the dura.
he lack of information about the responses from pial vessels repre-
ents a significant gap in the understanding of the role of meningeal
nnervation in migraine.

For cerebrovascular flow studies, most physiologists use LDF.
owever, LDF yields regional blood flow changes and cannot resolve
ow in specific blood vessels. Magnetic resonance imaging (MRI),
ositron emission tomography (PET) and xenon computed tomog-
aphy (XeCT) suffer both in terms of spatial resolution limited
o about 100–500 �m (Weber et al., 2006; Wintermark et al.,
005) and in terms of limited use in continuous monitoring over
xtended periods of time. Methods involving microsphere intro-
uction are mostly sacrificial (De Visscher et al., 2006), because
hey rely on the number of particles embolizing the capillaries of
rgans. Methods involving dye introduction, for the purpose of con-
rast enhancement or particle tracking, run the risk of altering the
hysiological environment (Hillman, 2007). Intravital microscopy,
hough used for vascular diameter detection, has relatively low
ontrast and temporal resolution (Williamson et al., 2001). To
ur knowledge, no previous study has simultaneously measured
hanges in vessel size and blood flow at the level of individual
essels.

Laser speckle imaging (LSI) is based on the analysis of dynamic
nterference patterns caused by moving particles such as red
lood cells in a vessel. LSI requires a simple and inexpensive
etup and offers images with high spatiotemporal resolution. At
he same time, it provides a full-field, two-dimensional map-
ing of blood velocity without scanning. Most of the work using
SI has been focused on functional imaging, creating blood flow
aps in tissues like the cortex, retina and skin and observ-

ng changes in blood velocity under various stimulations (Dunn
t al., 2001; Ruth, 1994; Tamaki et al., 1994). In our previ-
us work (Murari et al., 2007), we presented and quantified an
mproved temporal laser speckle imaging system (tLSI) to obtain
ontrast enhanced images of cerebral microvasculature in the rat
ortex.

In this work we have tailored the tLSI system to study in detail
he neurovascular response of the peripheral trigeminal system
o electrical stimulation. By combining tLSI with the ridge track-
ng algorithm (Aylward and Bullitt, 2002) for vessel detection, we
btained, for the first time, simultaneous vasomotor and blood
elocity responses. The wide-field nature of tLSI provided details
f the spatial distribution of the vascular response to stimulation.
e observed different dynamics in the vasomotor and blood flow

esponses of vessels in different spatial locations. Furthermore, the
enetration depth of the imaging modality was demonstrated to
e sufficient for imaging cortical and dural vessels at the same
ime. Contrasting responses of cortical and meningeal vessels were
bserved in this study.

. Materials and methods

.1. Temporal Laser speckle contrast

Speckle is a random field intensity pattern produced by the
nterference of coherent or partially coherent beams that are sub-
ect to minute temporal or spatial fluctuations (Goodman, 1976).

hese patterns are seen when monochromatic coherent light is
ncident on a rough surface or a field of scattering particles. If
he field of particles is non-static, photographing the dynamic
peckle pattern results in an image that is blurred over the expo-
ure time of the recording device. The velocity information in the

l
r
s
q
s

ethods 176 (2009) 230–236 231

lur can be extracted and mapped to contrast using statistical argu-
ents (Briers, 2001; Ohtsubo and Asakura, 1976). In particular, laser

peckle contrast (C) can be defined as

= 〈I2
M〉 − 〈IM〉2

〈IM〉2
= �2

M

〈IM〉2
(1)

here 〈IM〉 and 〈I2
M〉 are the average and the mean-square values

f the time-varying speckle intensity over M observations. �2
M is

he square of the standard deviation of the time-varying speckle
ntensity. For tLSI, the contrast C can be calculated over time using
time stack of images. In this case a 1 × 1 pixel window is moved

cross a time stack of M images to obtain the statistics leading to a
emporally contrasted image.

The tLSI method relies on obtaining contrast images of vessels
here intensity is inversely proportional to the blood velocity. The

elocity of the scattering particles v and the speckle contrast C can
e related through the integration time as follows (Ohtsubo and
sakura, 1976):

= 2w

T

〈IM〉2

〈I2
M〉 − 〈IM〉2

= 2w

T

1
C

(2)

here T is the integration time and w is the radius of the illuminat-
ng beam.

.2. Animal preparation

All experiments were performed using protocols approved by
he Johns Hopkins Animal Care and Use Committee. Adult female

istar rats (200–250 g) were anesthetized with an intraperitoneal
njection of 3 ml/kg of sodium pentobarbitone. Rectal temperature
as maintained at 37 ◦C throughout using a homeothermic blan-

et system. The rat was placed in a stereotactic frame (David Kopf
nstruments, Tujunga, CA). The scalp was shaved and disinfected

ith 70% ethanol and povidone-iodine solution. All procedures
ere performed using standard sterile precautions. After a mid-

ine scalp incision, the galea and periosteum overlying the parietal
one bilaterally were swept and retracted laterally. A 5 mm × 5 mm
rea centered at 3.5 mm lateral to and 3 mm posterior to the bregma
as thinned using a high speed dental drill (Fine Science Tools Inc.
orth Vancouver, Canada), until the inner cortical layer of bone was
ncountered and underlying Middle Meningeal Artery (MMA) was
isualized.

.3. Electrical stimulation

Peripheral trigeminal nerve stimulation was carried out by a
rogrammed repetitive stimulus pattern. After completion of the
hinned skull preparation as described above, a NEX200 bipolar
timulating electrode (Rhodes Medical Instruments, Summerland,
A) was mounted on the surface of the cranial window approx-

mately 200 �m from the branch of interest of the MMA using a
recision micromanipulator. The cranial window was covered with
ineral oil to maintain moisture on the surface of the skull. Based

n literature (Goadsby et al., 2002) and our own prior experience,
he trigeminal fibers were stimulated with a 1 ms pulse train at
Hz for a duration of 10 s using a stimulator (Grass-Astro-Med.

nc., W. Warwick, RI). The stimulus current was chosen to be the
iterature (Williamson et al., 2001) and our experimental expe-
ience, a current of 50 �A was found sufficient and used for all
timulation. We gave a rest period of about 20 min before the subse-
uent stimulation trials to allow the vessels to return to a baseline
tate.
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.4. Imaging setup and protocol

The stereotactic frame holding the rat was placed on a platform
hich could be moved along the x–y axes for precise localization of

he region of interest. A red HeNe gas laser of wavelength 632 nm
JDSU, Milpitas, CA) was used to illuminate the cranial window
or speckle imaging. For white light images, a DC powered halo-
en source (Pelican, Torrance, CA) was used. Images were acquired
sing a 12-bit cooled SVGA CCD camera (PCO, Kelheim, Germany). A
0 mm, f/2.8 macro-lens with a maximum reproduction ratio of 1:1
Nikon Inc., Melville, NY) was mounted on the camera. For speckle
maging, once the magnification was set, the aperture was set to
pproximate the speckle size to the pixel size (6.7 �m × 6.7 �m)
hich is the optimal condition for photographing speckles (Yuan

t al., 2005). Finally, the shutter speed was set to get an optimal
xposure. Images were taken continuously at a rate of 10 fps.

For imaging the response to the electrical stimulation of periph-
ral trigeminal nerves, we continuously recorded images over a
uration of 5 min. Each trial began with 10 s of baseline recording,
ollowed by 10 s electrical stimulation and 300 s of recovery time.
complete session consisted of four trials. All raw image data were

treamed to a computer for subsequent offline processing.

.5. Image analysis
.5.1. Blood flow calculation
A set of 40 consecutive frames of raw images was converted into

ne tLSI image according to Eq. (1). While this contrast computation
onserves spatial resolution, it will cause a 40-fold loss of temporal
nformation. To maintain high temporal resolution, we apply a slid-
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ig. 1. Images of the same region of a rat brain obtained through a thinned skull using (a) w
y calculating the temporal contrast across a stack of 40 images acquired sequentially in
icrovessels. (c) An illustration of the vessel diameter detection. 2� is the estimated diam

). The unit of � is pixels. The real size of the vessel can be calculated knowing the pixel s
n example of diameter detection of a part of the individual vessel marked in (b).
ethods 176 (2009) 230–236

ng window along the time sequences of the raw images. Each raw
aser image with time index i has its corresponding contrast image

hich is calculated from a timestack of M images with indices
− 19,. . .,i,. . .,i + 20. Thus, the temporal resolution of our algorithm
s simply determined by the frame rate of the camera (10 fps in
his work). However, for computational simplicity, we performed
ll processing offline instead of doing it real-time. The intensity of
ach pixel in the speckle contrast image was used for calculating
he relative blood flow velocity.

Most works in laser speckle contrast literature (Ayata et al.,
004; Cheng et al., 2003; Paul et al., 2006) simply relate the speckle
ontrast to cerebral blood flow whereas, in reality, it is related to
he blood velocity (Briers, 1996; Ohtsubo and Asakura, 1976). Blood
ow is defined as the volume of blood that is moving per unit of
ime and is measured in units of ml/min. Blood velocity, on the
ther hand, is the distance moved by a cell within the bloodstream
er unit time and is measured in cm/s. The flow of blood in a vessel

s related to velocity by the following equation:

= VA (3)

here F is the flow, V is the mean velocity, and A is the cross-
ectional area of the vessel. Therefore, to estimate blood flows from
he speckle contrast, both the blood velocity and the cross-sectional
rea of the vessel under consideration are needed.
.5.2. Vessel size detection
As presented in our previous work (Murari et al., 2007), tLSI

eads to a two to four fold increase in contrast to noise ratios (CNR),
ithout the need for any contrast agents over white or green light

eflectance imaging. This highly enhanced image quality enables

hite light reflectance imaging and (b) temporal laser speckle imaging (tLSI)obtained
time. Note the higher contrast of the tLSI image and its potential to reveal more
eter of a point along the vessel which has the start point O(x, y) and end point P(x,
ize. e2(x, y) and e1(x, y) are vectors normal and tangential to the vessel. (d) shows
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ig. 2. Pseudo-color images displaying the vascular responses during and after elec
o obtain the baseline. The stimulation started at t = 0 s and continued for 10 s. The r
erfusion and blood velocity increases from t = 30 s to t = 60 s and finally reduces
espectively.

he visualization of fine vascular structures. To estimate the size
f individual vessels at a desired location, we segmented a small
ength of the vessel near the location, and took the mean value of
he detected diameters at each pixel on the vessel-centerline. This
s shown in Fig. 1(c) and (d). The segmentation method was based
n the ridge tracking approach developed by Aylward et al.(Aylward
t al., 1996). The method considers a 2D image as a surface in a 3D
pace by mapping intensity into height. Vessel centerlines exist as
D surface maxima (ridges) on that surface. The segmentation pro-
ess consists of finding ridge points and following them. The ridge
tart point O(x, y), start tangent direction e1(x, y), and end point
(x, y) were selected beforehand. The algorithm takes steps along
he estimated ridge direction, shown by the dashed line, which is
he medial axis of the vessel, and optimizes the medialness and
iameter. e2(x, y) is the norm direction of the ridge at point O(x,
). 2� is estimated to be the diameter at the current point being
racked along the vessel. An adaptive anisotropic diffusion filter
as applied to the speckle contrast image before the segmentation

o reduce the high frequency speckle noise (Yu and Acton, 2002).

. Results

.1. Vasomotor and blood flow response to stimulation

A white light image and a tLSI image of the same region through
he thinned cranial window are shown in Fig. 1(a). The tLSI image
hows much higher contrast for the major vessels and even for
icro-vessels with diameters down to 30 �m. The intensity of the

ixels in the tLSI image is inversely proportional to the blood veloc-
ty.

By analyzing the tLSI images, the tissue perfusion and vascular
esponse under electrical stimulation of the peripheral trigemi-
al nerves were observed. Fig. 2 shows pseudo-color images in

emporal sequence, displaying the responses during and after the
lectrical stimulation of the peripheral trigeminal nerve fibers,
hich intensely innervates the MMA and its branches in the dura
ater. The colormap for the group of images was generated accord-

ng to the grey level intensities in the tLSI images. Red represents

t
p
a

stimulation of peripheral trigeminal nerve fibers. The recording started at t = −10 s
se was recorded throughout the stimulation for 300 s post-stimulation. The tissue
to baseline. Red and blue represent blood with the highest and lowest velocity,

he highest blood velocity with a grey level of 0, while blue repre-
ents the lowest velocity with grey level intensity of 1. The baseline
LSI image was acquired before stimulation. The stimulation was
tarted at t = 0 s with a stimulation duration of 10 s. Image acquisi-
ion was started at t = −10 s to obtain the baseline and continued
hrough the stimulation and was stopped 5 min post-stimulation.
s observed from Fig. 2, the tissue perfusion and blood velocity

ncreased from t = 30 to t = 60 s and then gradually decreased back
owards the baseline value. The vessel size changes can be observed
n the same image sequences. However, due to the small size of the
essels, vessel size changes were hard to be seen with the naked
ye.

To quantitatively study the vasomotor and the blood flow
esponse of the branches if the MMA, a region of interest (ROI) was
hosen around a single vessel (Fig. 3(a)). The ridge tracking method
as applied to a small part of the vessel to detect the vessel size.

he experiment was repeated in six adult female Wistar rats. While
he magnitude and latency of the response varied across animals,
imilar trends of the vascular response were observed among all
nimals. The changes were averaged from four trials on the same
nimal under the same experimental paradigm. In Fig. 3(b), the top
anel shows that the blood velocity increased by up to 50 ± 5%, and
ventually decreased back to the baseline value. The middle panel
hows the mean response of vessel diameter. Initially, a short con-
triction of the vessel was observed followed by a subsequent large
ilation and a slow return to baseline. The dilation of the vessel size
eaked at 40 ± 8%. The percentage change in the blood flow in the
ame vessel is shown in the bottom panel of Fig. 3(b). The increase
n the blood flow peaked at 80 ± 15%. Error accumulation in Eq. (3)
auses the standard deviation error in the blood flow to be higher
han that in the blood velocity and the vessel diameter.

.2. Spatial variation in the response to stimulation
The spatial spread of the blood velocity response relative to
he point of stimulation was studied using the same experimental
aradigm as above. Fig. 4 shows the experimental results from one
nimal averaged over four trials. P1 and P2 are locations along the
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Fig. 3. Responses to electrical trigeminal stimulation. (a) Region of interest with the selected branch of the MMA marked. (b) Change in blood velocity (top panel) and vessel
diameter (middle panel) of the selected branch detected using tLSI. The blood velocity increases and the diameter is also seen to increase after a short initial constriction.
The blood flow changes (bottom panel) in the same vessel, calculated from the changes in both velocity and vessel diameter.

Fig. 4. Spatial spread of responses to electrical trigeminal stimulation. (a) Mean changes in the blood velocity in the proximal (black trace) and distal (grey trace) vessels. Data
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ummarized in Table 1. The inset shows vessel branches proximal and distal to the
espectively. (b) Velocity changes at two different points on the proximal branch (t
top panel) and P3 (bottom panel) and the grey trace shows changes at points P2 (to

essel proximal to the stimulation site, marked inside the left white
ircle in Fig. 4(a). P3 and P4 are locations of the distal vessel on the
ight. There was no obvious difference in either the magnitude or
he latency of the response along one individual vessel (Fig. 4(b)).
owever, the responses from the two vessels were quite distinct

Fig. 4(a)). Table 1 shows the mean rate of increase and the peak

agnitude of the velocity change in the two vessels. Vessels prox-

mal to the stimulation site responded quicker and showed greater
esponse. The mean rate of increase was calculated over the time
rom within 10% of baseline to within 90% of the maximum. Sim-

able 1
omparison of the change in blood velocity in vessels proximal and distal stimulation

ocation (inset in Fig. 4a) detected by tLSI (n = 4 trials).

hange in blood velocity Proximal vessel Distal vessel

ean rate of increase 54% per second 17% per second
eak magnitude 50 ± 5% 30 ± 5%
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lation location. (P1, P2) and (P3, P4) are points on the proximal and distal vessels,
nel) and the distal branch (bottom panel). Black trace shows changes at points P1
el) and P4 (bottom panel).

lar trends were observed in the spread of response among all six
nimals studied.

.3. Stimulation effects on dural vs. cortical vessels

Next, we present a comparison of the responses from dural
nd cortical vessels to the electrical stimulation of the periph-
ral trigeminal nerves. Fig. 5 shows that the penetration depth of
he 632 nm red laser was sufficient for imaging subdural cortical
essels through a thinned skull in a minimally invasive fashion.
irst, we followed the procedure from Section 2.2 to obtain speckle
ontrast images. After imaging through the thinned skull cranial
indow, the skull was opened, the dura was carefully excised, and

small metal chamber with removable glass cover-slip was glued

o the skull. The space between the glass and the exposed cor-
ex was filled with artificial cerebral spinal fluid. Using the same
maging protocol, a second speckle contrast image was obtained.
ig. 5(a) and (b) show the vasculature with and without the dura,
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ig. 5. Visualizing cortical vs. dural vessels using tLSI. Speckle images through a thi
+’) are cortical vessels while those seen only in the thinned skull image (marked w

espectively. Comparing the two tLSI images, vessels that lie in the
ura mater and those that lie in the cortex can be identified and
re marked in Fig. 5. This distinction enables the study of pos-
ibly different roles played by meningeal and cortical vessels in
igraine.
Fig. 6 shows the vascular response of one dural vessel, and one

ortical vessel of the same animal brain averaged across four tri-
ls. The experimental protocol was the same as in Section 2. The
ifferences in the vascular responses of dural and cortical vessels
re tabulated in Table 2. In comparison to the 40 ± 8% vasodilata-
ion of the dural vessel, the cortical vessel did not show any change
n size during or after the electrical stimulation of the trigeminal
erve fibers. This lack of response was consistent among all six ani-
als. Both vessels showed increased blood velocity in response to
he electrical stimulation. However, the cortical vessel showed a
aster (mean rate of increase 94% per second vs. 67% per second)
nd higher (65 ± 5% vs. 50 ± 5%) increase in blood velocity when
ompared to the dural vessel.

ig. 6. Contrasting dural and cortical responses to electrical trigeminal stimulation.
a) Mean changes in vessel diameter in dural (black trace) and cortical (grey trace)
essels. (b) Mean changes in blood velocity in dural (black trace) and cortical (grey
race) vessels. While cortical vessels show no change in diameter, they have a larger
nd faster change in blood velocity compared to the dural vessels (data summarized
n Table 2).
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skull (a) and after excising the dura (b). Vessels seen in both images (marked with
’) are dural vessels.

. Discussion and conclusions

We have presented a technique that allows, for the first
ime, simultaneous measurements of vasomotor and blood flow
esponses to electrical stimulation of the peripheral trigeminal sys-
em which is an accepted model for migraine research. The tLSI

ethod maps blood velocity to contrast without degrading spa-
ial resolution and provides contrast enhanced images of vascular
tructure. Combining the tLSI and ridge tracking method for ves-
el size detection, we obtained the blood flow response which is a
ruer measure of neurovascular interactions rather than the often
ited blood velocity (Ayata et al., 2004; Cheng et al., 2003; Paul et
l., 2006). In order to compensate for the loss of temporal infor-
ation during tLSI contrast computation, we proposed and used
sliding window along the time sequences of images that makes

he temporal resolution dependent on the camera frame rate alone.
he tLSI technique surpasses intravital microscopy (Williamson et
l., 2001) in terms of temporal resolution and in simultaneously
roviding blood velocity measurements. While the image analysis
nd flow calculations in this work were performed offline, given
he simplicity of Eqs. (1)–(3), the technique lends itself to online
omputation and real-time display. We observed different dynam-
cs in the vasomotor and blood flow responses. The vasomotor
ctivity may be related to the trigeminal nerve innervations, pos-
ibly caused by the release of vasodilators like CGRP (Edvinsson
nd Goadsby, 1994a; Goadsby et al., 2002) while the changes in
lood velocity reflect the changes in blood circulation due to the
timulation. The vasomotor dynamics consistently showed a short
nitial constriction before the larger vasodilation occurred. A sim-

lar result has been observed in studies on pig skin (Bartho et al.,
992). Pharmacological studies in that work indicate that the pre-
onstriction is due to the activation of sympathetic fibers. While
ur observation may have a similar mechanism, further work is

able 2
omparison of responses of dural and cortical vessel detected simultaneously using
LSI (n = 4 trials).

arameter Dural vessel Cortical vessel

hange in blood velocity
Mean rate of increase 67% per second 94% per second
Peak magnitude 50 ± 5% 65 ± 5%

hange in vessel diameter
Mean rate of increase

(after constriction)
1.4% per second No observable changes

Peak magnitude 40 ± 8% No observable changes
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eeded to explore the underlying cellular and molecular basis.
he non-scanning, wide-field nature of the technique allowed the
ecording of spatial variations in the response relative to the point of
timulation. We confirmed the expected result that the dynamics
ould be faster and stronger at vessels proximal to the stimula-

ion location. Responses from different locations along the same
ranch of the vessel showed the same dynamics. One explanation
or this may be that the trajectories of peripheral trigeminal nerve
bers are distributed parallely to the dural vessels (Strassman et al.,
004).

In spite of the inherent two-dimensional nature of tLSI, we
emonstrate that the penetration depth of the laser used was suf-
cient to image dural as well as cortical vessels through a thinned
kull in a minimally invasive fashion. This enabled the isolation of
esponses from vessels in the dura and in the cortex. Contrasting
esults were seen from dural and cortical vessels. While cortical ves-
els did not show any vasomotor activity, they showed a stronger
nd faster blood flow increase compared to dural vessels. This could
e due to vasomotor changes being locally mediated via the release
f vasodilators and blood flow changes being mediated at higher
enters.

In conclusion, tLSI is a minimally invasive imaging modality
hat offers structural and functional information from the vascu-
ature with high spatiotemporal resolution. It does not need any
ontrast agents and requires a simple and inexpensive setup con-
isting of a camera and a ordinary red laser. The non-scanning,
ide-field nature of the technique allows recording the vascular
imensions, blood velocity and blood flow over large areas limited
nly by the optics and the image sensor. The penetration depth of
he laser is enough to image both dural and the underlying cortical
essels allowing the distinction of the vessel responses based on
hich layer they are located in. These features make tLSI a pow-

rful tool in understanding mechanisms involved in neurovascular
oupling and in conditions where the coupling may be imbalanced,
.g. migraine.
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