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Photothermal laser speckle imaging
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The analysis of speckle contrast in a time-integrated speckle pattern enables visualization of superficial blood flow
in exposed vasculature, a method we call laser speckle imaging (LSI). With current methods, LSI does not enable
visualization of subsurface or small vasculature, because of optical scattering by stationary structures. In this work
we propose a new technique called photothermal LSI to improve the visualization of blood vessels. A 595 nm laser
pulse was used to excite blood in both in vitro and in vivo samples. The high absorption coefficient of blood at this
wavelength results in efficient conversion of optical energy to thermal energy, resulting in an increase in the local
temperature and hence increased scatterer motion, and thus a transient decrease in speckle contrast. As a result, we
found that photothermal LSI was able to visualize blood vessels that were hidden when imaged with a conventional

LSI system. © 2014 Optical Society of America
OCIS codes:
http://dx.doi.org/10.1364/0OL.39.005006

In 1981, Fercher and Briers [1] first proposed the use
of time-integrated laser speckle patterns to map blood
flow in the retina. Dunn ef al. [2] demonstrated that this
method enabled blood-flow mapping of the rodent brain,
which led to a rapid increase in the use of laser speckle
imaging (LSI) for a wide variety of biological and bio-
medical applications.

Typically, researchers use LSI to map and quantify
relative changes in blood flow in response to an interven-
tion. A related use of LSI is simply to enable visualization
of perfused microvasculature [3]. However, scattering
layers such as the skull or epidermis obscure the micro-
vascular architecture. A variety of postprocessing methods
were proposed to reduce this effect, including temporal
processing [4] and motion contrast algorithms [5].

Here we propose a new method, which we call photo-
thermal LSI, to noninvasively image subsurface blood
vessels using selective optical excitation of absorbers
within the vessels. Photothermal LSI is based on two tech-
niques described previously in the literature: magnetomo-
tive LSI [6] and pulsed photothermal radiometry (PPTR)
[7,8]. Magnetomotive LSI involves the use of an alternat-
ing magnetic field to induce movement of superparamag-
netic iron oxide nanoparticles that are introduced into
the vasculature. The additional motion of the particles
aligning back and forth with the alternating magnetic field
causes a distinct increase in motion that the LSI method
detects as a decrease in local speckle contrast.

PPTR involves application of a short pulse of laser light
to the surface of a sample, resulting in selective absorp-
tion and subsequent heating of specific optical absorbers
within the medium. Mid-infrared detectors are typically
used to collect infrared emission at the sample surface
that varies because of heat diffusion from the heated
absorbers. Based on analysis of the transient change in
infrared emission, specific parameters can be estimated,
including tissue absorption coefficients [8] and depth of
vasculature [7].

Photothermal LSI involves use of a short pulse of laser
light (similar to PPTR) to heat subsurface blood vessels,
which we propose leads to a transient decrease in
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speckle contrast because of photothermally-induced
changes to intravascular optical scatterers. This is similar
to magnetomotive LSI; however, we selectively target
absorption by the hemoglobin molecules contained
within the red blood cells, rather than modulate the
movement of an exogenous particle. To achieve selective
optical excitation, we induce transient heating of the
blood with a 595 nm laser pulse. In this Letter, we present
data collected with in vitro and in vivo experimental
setups, to demonstrate the ability of photothermal LSI
to improve visualization of subsurface microvasculature
via a targeted increase in the difference in contrast be-
tween the blood vessels and surrounding tissue.

For our in vitro experiments, we used two samples: a
1 cm wide cuvette filled with porcine blood [Fig. 1(a)], to
demonstrate the concept, and a microchannel-based skin
phantom [Fig. 2(a)]. To create the phantom, a slide with
microchannels (thinXXS Microtechnology AG, Germany)
was placed above a silicone block containing TiOs; pow-
der to mimic the scattering properties of soft biological
tissues. A second silicone layer (400 pm thick), with TiO,
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Fig. 1. Inwvitro photothermal LSI of blood in a cuvette. (a) Pho-
tothermal LSI setup with 633 nm imaging laser light and 595 nm
pulsed dye laser to excite the blood. Images are captured with a
cooled CCD camera with a laser-line bandpass filter to block
extraneous light. (b) Speckle contrast versus time plot illus-
trates distinct drop in contrast corresponding to the photother-
mal excitation pulse at time 0 s. The 60% decrease in contrast
returns to baseline over about 0.6 s as the blood returns to room
temperature.
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Fig. 2. In vitro photothermal LSI of blood flowing through a
microchannel. (a) Photothermal LSI setup with blood infused
into the system at 4 mm/s and a 400 pm epidermal phantom
placed above the microchannel. (b) Speckle contrast versus
time in a region of interest above the channel shows a 60% de-
crease in flow occurring after the excitation pulse at time 0 s,
and returning to baseline over the next ~0.4 s. (c) Normalized
speckle flow index (SFI) in microchannel before the photother-
mal excitation (Media 1). (d) SFI image after the excitation
pulse (Media 1) shows the blood flow in the channel clearly
visible beneath the skin-simulating phantom.

powder to simulate epidermal scattering properties, was
placed above the microchannel. An infusion pump was
used to inject porcine blood (Sierra for Medical Science,
Whittier, CA) into the microchannel, which had an inner
diameter of 320 pm. Tygon tubing was used to deliver the
blood from the syringe pump to the channel inlet. The in-
fusion pump was set to achieve a flow speed of 4 mm/s,
representative of flow in arterioles and venules [9].

To image the dynamics of particle motion, we used a
conventional LSI system consisting of a 632.8 nm HeNe
laser that uniformly illuminated either the blood-filled
cuvette or the skin phantom [Figs. 1(a) and 2(a)]. The
radiant exposure of this imaging laser is ~11 mJ/s, or
less than 0.0001% of the radiant exposure of the interrog-
ating pulse, making its contribution to any photothermal
changes in the sample negligible. All speckle images
were acquired with a HotShot 1280 CCD camera (NAC
Image Technology, Simi Valley, CA, USA) equipped with
a macro lens. To mitigate specular reflectance from the
samples, a polarizing filter was placed in front of the cam-
era lens and perpendicularly oriented to the polarization
of the incident light.

We used pulsed 595 nm laser light (Vbeam, Candela,
MA) to optically excite the samples. We selected 595 nm
because of the strong absorption of this wavelength by
hemoglobin. For our experiments, we used a pulse dura-
tion of 3 ms and radiant exposure of 4 J/cm?, which is
similar to radiant exposures used previously in PPTR
studies [7]. We used a laser-linepass filter (ThorLabs,
Newton, NJ) centered at 632.8 nm (70% transmission) to
prevent contamination of images by remitted 595 nm
laser light (less than 0.01% transmission).
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We collected raw speckle images at 50 frames per
second with an exposure time of 14 ms, before, during,
and after application of the pump 595 nm light. We used
the standard sliding-window algorithm (7 x 7 pixel di-
mension) to convert each raw speckle image to a speckle
contrast image [10]. From each speckle contrast image,
we calculated the mean speckle contrast within a 16 x 66
pixel region of interest. We then calculated maps of
speckle flow index (SFI) using a simplified speckle imag-
ing equation [10].

Upon photothermal excitation of a blood-filled cuvette,
[Fig. 1(a)], we observed a transient reduction of speckle
contrast [Fig. 1(b)]. The contrast decreased abruptly
by ~60%, suggesting an increase in motion of scattering
particles within the blood. After ~0.6 s, the contrast re-
turned nearly to its baseline value, presumably because
of a decrease in temperature of the excited sample.

Similarly, with photothermal excitation of the micro-
channel-based skin phantom [Fig. 2(a)], we observed a
transient reduction in speckle contrast [Fig. 2(b)]. To sim-
ulate subsurface blood flow, we placed a skin-simulating
phantom of 400 pm thickness on top of the microchannel.
In this specific case, to mimic in vivo conditions, the
blood continuously flowed through the microchannel,
therefore, the associated speckle contrast values at all
time points were lower than those for the blood-filled
cuvette. We observed a ~60% decrease in the contrast fol-
lowing photothermal excitation, and a return to baseline
contrast after ~0.4 s. Prior to photothermal excitation, it
was not possible to visualize the microchannel through
the overlying epidermal phantom [Fig. 2(c)]. Immediately
after photothermal excitation, the microchannel structure
was clearly evident [Fig. 2(d)]. We postulate that this is
because of an increase in the temperature of the blood,
creating more movement of scattering particles present
in the blood in the microchannel. Media 1 [Figs. 2(c)
and 2(d)] shows a video clip of SFI dynamics during
photothermal excitation of the microchannel. In summary,
the data shown in Fig. 2 collectively supports the hypoth-
esis that photothermal excitation of flowing blood in an
in vitro system induces a brief decrease in speckle con-
trast that is observed even when the flowing blood is
below a surface layer.

We next investigated how photothermal LSI performs
with an in vivo animal model. To enable direct compari-
son of the imaged microvasculature with the actual
microvascular architecture, we used a mouse dorsal win-
dow chamber model [11] as our test substrate [Fig. 3(a)].
Briefly, the window chamber is a surgical preparation in
which one full thickness of skin is suspended between
titanium frames. A microvascular network is readily
visible from the subdermal side of the chamber; the epi-
dermis of the intact skin thickness is visible on the
other side.

For LSI, we achieved wide-field coherent illumination
of the epidermal side of the window chamber with the
use of an 808 nm laser diode (Ondax, Monrovia, Califor-
nia, USA) and an engineered diffuser. To achieve photo-
thermal excitation, we used the same pulsed-dye laser
settings as in the in vitro experiments. We collected raw
speckle images at 100 fps with a 9 ms exposure time. We
used a longpass optical filter (ThorLabs, Newton, NJ)
with an 800 nm wavelength cutoff to block stray light
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Fig. 3. In vivo photothermal LSI in a mouse dorsal window

chamber model. (a) Imaging setup of the epi-illuminated
reverse side of the window chamber. An 808 nm laser light is
used to illuminate the epidermis for imaging, and an 800 nm
longpass filter is placed on the CCD camera to block stray
595 nm excitation light. (b) Speckle contrast versus time in the
region of interest highlighted in (c) and (d). The contrast drops
by 80% when the excitation pulse is fired at time 0 s, and quickly
returns to baseline over ~0.3 s. (c) Normalized SFI image
before the excitation pulse (Media 2). (d) SFI image after the
photothermal excitation (Media 2) shows increased motion
in the vessels. The perivascular increase in the SFI is probably
because of smaller vessels and capillaries that cannot be
resolved with our current imaging system.

associated with the excitation pulse. The filter allows for
85% transmission of 808 nm light, and completely blocks
595 nm light (~107%% transmission). We computed
speckle contrast images using the spatial speckle-
imaging algorithm with a 7 x 7 structuring element. From
each contrast image, we selected a 16 x 66 pixel region
of interest within one of the larger vessels [denoted by
the rectangular region in Figs. 3(c) and 3(d)].

Following the photothermal excitation, the speckle
contrast decreased by ~80% [Fig. 3(b)]. After ~0.3 s, the
speckle contrast in the region of interest returned to its
baseline value, presumably because of a mix of heat
diffusion from the irradiated site and advection via blood
flow. From direct inspection of the SFI maps, the
increase in visualization of the vasculature is apparent
[Media 2, Figs. 3(c) and 3(d)]. In a direct comparison of
the SFI images from the in vitro [Fig. 2(d)] and in vivo
[Fig. 3(d)] images, we observed in vivo a larger perivas-
cular increase in SFI that is more diffuse in appearance.
We hypothesize that this increase is because of a similar
photothermal effect in blood vessels that are too small
to resolve with the current experimental setup. This
resolution issue can be overcome with a proper choice
of higher-magnification camera optics.

Photothermal LSI relies on the concept of pulsed
excitation of targeted absorbers, in our case red blood
cells, to enhance the contrast of vasculature below a
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static scattering layer. The exact mechanism for this
change in contrast is currently unknown. Using the
equation AT = Hy,/pc [12] where H is the radiant expo-
sure (4 J/cm?), u, is the absorption coefficient of blood
at 595 nm (36 cm™) [13], p is the density of whole blood
(1050 kg/m?) [14], and c is the mass specific heat capac-
ity (3617 J/kg/K) [14], we calculated the estimated peak
rise in temperature of the blood because of absorption
at 595 nm to be ~38°C, assuming there is no convective
or diffusive losses during the pulse. Depending on the
tissue geometry of interest, we anticipate that lower
radiant exposures and hence peak temperature rises
may be sufficient to improve visualization of subsurface
blood vessels.

We hypothesize that the increase in the SFI is associ-
ated with a rapid diffusion of generated heat from the
hemoglobin in red blood cells to nearby plasma proteins.
We speculate that the change in motion because of this
change in temperature may be caused by thermal expan-
sion, changes in viscosity, or increases in diffusive mo-
tion, but further research will be needed to determine the
mechanism. We also observe a similar transient change
in speckle contrast when photothermal LSI is applied to a
solution of India Ink and Intralipid (data not shown),
demonstrating that this phenomenon is not only associ-
ated with whole blood.

In conclusion, a photothermal LSI involves a transient,
nondestructive increase in temperature in the vascula-
ture, resulting in a decrease in speckle contrast and
hence an increase in the SFI. We propose that this method
may enable improved three-dimensional localization of
sources of speckle contrast; with accurate knowledge
of the microvascular structure and local optical proper-
ties, researchers can use advanced tomography methods
[15] to better define the speckle correlation time associ-
ated with subsurface blood vessels.
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