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Laser speckle contrast imaging of skin blood perfusion responses

induced by laser coagulation

M. Ogami, R. Kulkarni, H. Wang, R. Reif, R.K. Wang

Abstract. We report application of laser speckle contrast imaging
(LSCI), i.e., a fast imaging technique utilising backscattered light
to distinguish such moving objects as red blood cells from such
stationary objects as surrounding tissue, to localise skin injury.
This imaging technique provides detailed information about the
acute perfusion response after a blood vessel is occluded. In this
study, a mouse ear model is used and pulsed laser coagulation
serves as the method of occlusion. We have found that the down-
stream blood vessels lacked blood flow due to occlusion at the target
site immediately after injury. Relative flow changes in nearby col-
laterals and anastomotic vessels have been approximated based on
differences in intensity in the nearby collaterals and anastomoses.
We have also estimated the density of the affected downstream
vessels. Laser speckle contrast imaging is shown to be used for high-
resolution and fast-speed imaging for the skin microvasculature.
It also allows direct visualisation of the blood perfusion response to
injury, which may provide novel insights to the field of cutaneous
wound healing.

Keywords: laser speckle contrast imaging, laser coagulation, blood
perfusion, skin.

1. Introduction

Blood vessels play an important and complex role in wound
healing. For instance, blood vessels function to re-establish
haemostasis and mediate cell migration during inflammation
stage [1]. Moreover, sufficient oxygen supply in the form of
haemoglobin in the blood supply is necessary for rapid closure
of the wound [2]. While the broad mechanism behind the
wound healing process has been defined, little is understood
about the changes in the microvasculature of the skin near
the injury site [3]. Even less is known about how perfusion
changes within the seconds after injury occurs. Moreover,
limited knowledge of blood perfusion in the skin has led to
only partial understanding of why skin diseases such as pso-
riasis and the cutaneous effects of diabetes occur and how
they may be more permanently remedied, resulting in only
temporary alleviation in the form of topical creams or medi-
cation [4]. Additionally, an understanding of rapid perfusion
responses to injury may aid studies in enhancing the wound
healing process. To better study the microvascular responses
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to injury, a fast-response imaging system with good image
resolution is needed. Current imaging systems have insufficient
resolution to capture small microvasculature, require the
injection of a contrast agent, and/or take minutes to collect
data [5-7].

Recently, attention has been placed on a promising imag-
ing technique known as laser speckle contrast imaging
(LSCI), which uses the random interference pattern produced
by coherent interference between photons backscattered from
different tissue constituents to track moving objects, such as
the red blood cells within the vessels. The image resolution
can be high enough to image arterioles and some capillaries,
which makes it superior to ultrasound imaging [8]. Moreover,
the LSCI system is fast, simple, affordable and noninvasive,
making it ideal for repeated in vivo studies [9]. LSCI has been
used to study burn scar perfusion, monitor cerebral blood
flow and image retinal blood flow [7, 10, 11]. It has also been
employed to image blood coagulation in paper [12], where use
was made of mechanical occlusion and laser injury to study
clot development. Kalchenko et al. [12] also observed that
long-exposure LSCI is capable of imaging lymph and blood
vessels [13]. Multimodal imaging combining fluorescence
microscopy with LSCI has also been used to visualise lymph
and blood vessels, which was then applied by Kuznetsov et al.
[14] to study the permeability of blood vessels. More recently,
Tripathi et al. [15] have utilised LSCI to measure coagulation
metrics through alterations in the rate of speckle intensity
fluctuations caused by a clot. In order to find how the micro-
vasculature responds to local injury, an injury model which
can accurately target on a selected artery without changing
the local environment should be established. Attempts to study
the change in the vasculature due to injury have been made
using various techniques such as manually pressing the vessel
[11]. However, excess pressure may cause the vessel to rup-
ture. Moreover, it may cause unnecessary occlusion of other
vessels which can give inaccurate results. Another option to
induce injury would be using a biopsy punch, which has been
done by Jung et al. [16]. They explored long-term healing on
the scale of days using optical microangiography [17-20], but
this method results in a permanent tissue damage and fails to
target only one selected vessel. Laser coagulation is a technique
where coagulation is achieved by exposing tissue to multiple
high-energy light pulses with a repetition rate determined by a
QO-switch in a nanosecond laser system. Multiple pulses allow
for cooling to occur in between pulses, resulting in a high light
dosage to the vessel while reducing the amount of damage to
surrounding tissue structures [21]. Laser coagulation has been
previously used with ultrasound techniques for tracking the
changes in placental perfusion while studying the effects of
maternal haemodynamics having the twin-to-twin transfusion
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syndrome [22]. However, the image resolution of ultrasound
systems is insufficient to accurately visualise acute changes
after a laser coagulation procedure. Laser coagulation has
also been utilised together with an optical coherence gated
imaging system to observe changes associated in an in vitro
porcine cornea [23]. However, there was no information about
how microvasculature responds to laser coagulation. There-
fore, with the fast response and relatively high image resolu-
tion, the laser coagulation procedure in combination with
laser speckle contrast imaging may provide novel insights to
fast microvasculature responses to local injury.

An important component of LSCI is the processing of the
data. Traditional laser speckle calculates speckle contrast using
the formula [24]:

_ o(x,y)
Ki(x,y) = m (1)

Here, K, is the temporal contrast at a given pixel, o, is
the standard deviation of the pixel intensity over time and
(I(x,y)) is the mean light intensity. Liu et al. [23] proposed
a new method of contrast calculation that enhances motion
contrast. In this method, the ratio in pixel intensity between
consecutive frames is taken and the standard deviation is cal-
culated from those ratios, enhancing the contrast between
moving speckles and the background.

Using this processing method in conjunction with a com-
pact LSCI system and a laser coagulation module will allow
the instant perfusion response after a local injury to be inves-
tigated. In this study, the microvasculature flow changes are
recorded before, during and after the exposure of the vessel to
Nd:YAG laser pulses. Superior image quality is achieved
with the processing method. The vessel density and relative
flow velocity are calculated to quantify the changes induced
by laser coagulation. The results show the capability to track
microvascular flow changes in the case of a locally induced
injury and may therefore potentially be used to study the
cutaneous wound healing process.

2. Materials and methods

2.1. Experimental setup

The scheme of the experimental setup is shown in Fig. 1. The
coherent illumination beam from a ~660-nm, 50-mW red
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Figure 1. Scheme of the laser coagulation and laser speckle imaging
system:

(M) mirror; (L) lens; (CCD) charge-coupled device; (NDF) neutral
density filter wheel.

diode iFlex-2000 laser (Qioptiq Inc., Rochester, NY, US) was
collimated by a lens and passed through a diffuser lens to uni-
formly illuminate the mouse ear examined at an angle of 45°
from the tissue normal direction. A neutral-density filter was
used to control the light intensity incident on the sample. The
resulting light backscattered from the sample was passed
through the zoom lens and was then received by the fast metal-
oxide semiconductor A504K camera (Basler, Germany). The
magnification of the system was adjusted to 1.5 and the field
of view (FOV) was set to be 9x 5 mm. To obtain optimal laser
speckle images, an exposure time of 0.9 ms and a frame rate of
1107.4 frames per second were set for the camera.

2.2. Animal preparation

To prove the enhanced capability of our method for visualising
immediate responses in dynamic blood flow in blood vessels
(particularly capillary beds) after injury, we imaged the ear
flap on a mouse model. In total, five hairless SKH-1E mice
(221026 g) (Charles River, Hollister, CA, US) were tested and
imaged for this study. For each experiment, the mice were
anesthetised with 1.5% isofluorane mixed with 0.2 L min™!
oxygen and 0.8 L min~! air by a face mask. The mouse ear
was fixed with double-sided tape with the dorsal side facing
upwards onto a stage to minimise motion caused by breathing
and heart beats. A thin layer of mineral oil was applied to the
ear flap to improve matching of the refractive index of the
mouse ear tissue to that of the air. A 532-nm nanosecond
pulsed Nd:YAG laser (Surelite OPO Plus) was used to per-
form laser coagulation on the mouse ear. The pulsed laser
beam was first targeted at the selected artery using a low
energy level (Q-switching, 430 ms). A localised injury in the
ear flap was then induced by exposing the pulsed laser light at
high energy level (Q-switching, 390 ms) for 30 s to generate a
blood clot at the selected artery. The laser speckle images
were continuously acquired before, during and after the laser
coagulation procedure.

2.3. Image processing

After collecting the camera data, the raw data was processed
in MATLAB to create the final picture. First, a time stack of
50 frames was used to determine the intensity ratio between
consecutive frames

_ Li(x,y)
Ditx.y) = Iii(x,p)’

where 7 is the current frame and 7 + 1 is the next frame. After
that, the difference was taken between consecutive division
images using the formula [24]:

AD(x.y) = i) @

Di(x,y)—D
2

Speckle contrast was then calculated using the formula:

Ki(x,y) =

N ) _ 2\172
Z{ADz(X,J’) ]l;lnia;l[AD(xsy)]}) , (3)

i=1

where N is the total number of frames in one stack. A median
filter was then used to reduce some of the background noise.
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3. Results
3.1. Tracking blood flow changes

The time frame of this experiment was on the scale of minutes,
with data for consecutive frames collected within seconds of
each other. For this experiment, time zero corresponds to
laser coagulation onset and frames collected before corre-
spond to ‘negative time’. The method of image processing
used measures discontinuity in motion; therefore, the faster
the red blood cells move, the whiter the vessels will appear in
the final image. In essence, it focuses on the change in strength
of the signal as one blood cell leaves a pixel and is replaced by
another. However, when the speed of the red blood cells sur-
passes the maximum velocity that the LSCI system can track,
the signal washes out and the vessel appears black. In this
case, the motion discontinuity cannot be tracked because the
blood cells move too fast for the signal change to be detected
[24]. The baseline image before the laser coagulation proce-
dure is shown in Fig. 2a, where the coagulation target point is
labelled as a black dot. Right after exposing to the green Nd:
YAG laser pulses (wavelength, 532 nm; peak energy, 65 mlJ;
and pulse duration, ~3 ns), downstream capillaries (open
arrows in Fig. 2b) were much less visible compared to baseline
(Fig. 2a). In the meantime, anastomotic vessels (closed arrows
in Fig. 2b) appeared much stronger than in the baseline image,
indicating a mild occlusion in the targeted artery. With more
laser pulses incident on the target area, a more severe occlu-
sion was generated. This can be visualised in Fig. 2c, where
the downstream flow (marked as circle) was significantly
reduced and became undetectable by the system. Additionally,
the flow through the collateral artery below (open arrow in
Fig. 2d) increased and anastomotic vessels (closed arrows in
Fig. 2d) became apparent in the ischemic region. After stopping
the exposure to the pulsed laser energy, higher perfusion was
observed in the branch arteries (white arrows in Fig. 2e), which
may represent the temporal hyperaemia which is likely to
occur right after the recovery of the occlusion. With the tem-

Figure 2. Laser speckle contrast images extracted from a video: (a) image
acquired before irradiation by the Nd:YAG laser; (b), (c), (d), (e) and
(f) images acquired afterwards at the time points as shown. The Nd:
YAG laser light was incident on the mouse ear from 0 to 30 s with a
pulse repetition rate of 5 Hz, and the energy at the sample plane was ~ 1
mJ. The targeted area is labelled with the black dot in Fig. 2a.

poral blood clot moving away, the affected flow was gradually
restored as shown in Fig. 2f.

3.2. Quantifying relative blood flow velocity changes

Because LSCI does not collect any data pertaining to the
velocity distribution, only relative velocities between frames
can be calculated, which are difficult to correlate to actual
velocities [24]. The change in relative velocity was calculated
at five different locations to quantify the changes observed
after laser coagulation. The five locations were chosen cover-
ing different types of vessels (Fig. 3a). The occluded artery is
labelled as a star and marked as A; one branching artery from
the occluded artery is labelled as a cross and marked as B; one
anastomotic vessel between the occluded artery and its col-
lateral is labelled as a triangle and marked as C; and the two
downstream vessels are labelled as a rectangle and a circle and
marked as D and E, respectively. Figure 3b shows the changes
in the relative blood flow velocity after the laser coagulation
procedure. Frames after coagulation refer to the video frames
after the green Nd:YAG laser shot its final pulse and the
duration of each frame is about 0.79s. There is a sharp peak
at roughly 30 s into the experiment in Fig. 3b for all the
curves, which was due to the speckle image saturation caused
by the strong coagulation laser pulse. At the end of the coagu-
lation procedure, the flow velocity within the occluded artery
was decreased (curve A), while the branching arteries above
and below the occluded artery showed an increase in velocity
(curve B). In the meantime, the supply from the collateral

Relative velocity
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Figure 3. Relative velocity changes over time at different vessels after
the laser coagulation procedure: (a) locations at which relative velocities
were calculated (C is the point at which the vessel was targeted, B is
the occluded vessel, D and E are the downstream vessels and A is the
collateral vessel); (b) relative velocity at points A, B, C, D and E after
coagulation, respectively.
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artery was significantly increased through the anastomotic
vessel (triangle in Fig.3a) and the velocity of the anastomotic
vessel remained at a ~1.5 times faster velocity compared to
the baseline. Blood in the far-end downstream vessels (curves
D and E) was flowing slowly at the beginning of the occlusion
and did not come back to the velocity before the coagulation.

3.3. Quantifying vessel density changes

To better quantify the microvasculature changes after the laser
coagulation procedure, the vessel density has been derived
and plotted over time. To calculate the vessel density for each
image, a segmentation algorithm is applied. Briefly, images in
this method are binarized with an adaptive threshold tech-
nique specifically tailored for quantifying small vasculature
changes [25], and vessel density is calculated by dividing the
number of ones with the total pixel number. Figure 4 shows
the changes in vessel density after the laser coagulation proce-
dure. It can be seen that during laser coagulation, the down-
stream vessel density decreased from about 0.4 to almost 0
after being exposed to the pulsed laser. When the coagulation
process was finished, the flow in the occluded artery was
restored. An increase in the downstream vessel density of the
occlusion site was observed, reaching between 0.2 and 0.15
before the data acquisition ended.

Vessel density
o
(98]
T

0.2F
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Figure 4. (a) Region of interest (marked with a rectangle) used for ves-
sel density analysis and (b) the vessel density values over the period of
data acquisition.

4. Discussion and conclusions

Overall, immediate perfusion changes were detected using the
developed LSCI system along with the laser coagulation pro-
cedure. Occlusion in the downstream of the targeted artery
was instantly observed in the laser speckle images with an
increased flow in vessels peripheral to the occluded region.

The ability to qualitatively assess changes in the relative velocity
and quantitatively plot the vessel density in the region of interest
strengthens the potential applications of the developed system.
The system setup is compact and low-cost. It can also be easily
adapted to other applications, such as laser coagulation induced
stroke study on animals. The neutral density filter allows for
adjusting the power exposed on the sample, which gives the
flexibility to adjust the exposure time to help image vessels
with a certain velocity range. Additionally, a longer exposure
would allow for better visualisation of the vessels, while a
shorter exposure time allows for faster image acquisition and
can catch faster blood flow. Changes in microvascular per-
fusion were well observed through the continuous recording
of the occlusion experiment. The main occlusion event seems
to occur during laser coagulation exposure. The black appear-
ance in vessels upstream of the clot site seen during photo-
coagulation indicates that the maximum velocity that the
algorithm can handle has been surpassed. The increase in the
upstream flow is necessary to compensate for the occluded
vessels. In addition, the role of collateral vessels and anasto-
moses in rescuing the ischemic area has been well recorded
in our study. The recovery of the occluded vessels was seen
afterward, probably indicating that the clot has been cleared
out of the vessel. All these changes were captured by the system
just seconds after laser coagulation exposure began.

Figure 3 presents the changes in the relative velocity at the
five selected spatial locations A, B, C, D and E. In Fig. 3b, the
spike seen initially (between frame 0 and 5) is a result of the
oversaturation of green light during laser coagulation. The
relative velocity first decreases at A, where the clot is formed.
As the artery at C supplies blood to points B, D and E, the
relative velocity is seen to decrease at those points too. Due to
clot formation (A), the collateral vessel from the nearby
artery (C) supplies the vessel while the clot is still at A. This is
seen by the increase in relative velocity at A. The random
spikes seen at (A) represent random spurts of blood given out
as the clot is washed out. These spurts also lead to an increase
in blood flow velocity at the artery’s lower branches (D and
E) and the occluded vessel (B). As the clot gets washed away,
the relative velocity at point C decreases as it is no longer
required to supply blood to the artery. The relative velocity at
all points stabilises after the clot has washed away.

The changes in vessel density confirmed that the flow was
diverted to collateral arteries around the clot site, where it was
then used to maintain blood flow around the occluded ves-
sels. This diversion of flow can be explained by the increase in
pressure caused by blocking the vessel. Because blood volume
remains constant, blood that should be travelling through the
clot site moves instead to the surrounding vessels that have a
lower pressure. The increase in vessel density is observed after
photocoagulation has stopped, suggesting that the sudden
wash out of the clot released the built up pressure, causing a
spurt of blood as flow was restored to the previously occluded
downstream vessels.

Our developed LSCI imaging system in combination with
the laser coagulation method showed great promise in study-
ing microvascular responses to local injury, which may poten-
tially improve the understanding of wound healing. However,
there is still room for improvement, such as increasing the
signal-to-noise ratio (SNR), which will eventually help improve
the image contrast. One limitation with the current LSCI
system is the strong scattering caused by the skin. Various
groups have investigated different techniques for reducing
scattering caused by biological tissues using topical optical
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clearing agents [26—28]. This might be a noteworthy endeavour
to improve the overall image quality. Further investigation
may be done to define an optimal exposure and sampling rate
to produce even better images while still maintaining the ability
of visualising fast perfusion changes. It would also be very
interesting to study the relationship between the number of
pulses incident on the tissue and the coagulation effect. Histo-
logical analysis may be needed to analyse whether the sur-
rounding tissue is damaged or not.
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