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Abstract
Background and Objectives—During laser therapy of port wine stain (PWS) birthmarks,
regions of persistent perfusion may exist. Immediate retreatment of such regions may improve PWS
laser therapeutic outcome. To address this need, we propose use of laser speckle imaging (LSI) to
provide real-time, quantitative feedback during laser surgery. Herein, we present in vitro and in vivo
data collected with a clinic-based LSI instrument.

Study Design/Materials and Methods—Prior to clinical implementation, we first investigated
three aspects of LSI deemed important for clinical imaging: (1) instrument depth of field (DOF); (2)
effects of laser irradiance on speckle flow index (SFI) values; and (3) measurement repeatability.
Clinical measurements were acquired from the lesions of PWS patients immediately prior to and
after laser therapy at the Beckman Laser Institute.

Results—Our preclinical data suggest the following: (1) instrument DOF was ~1 cm; (2)
quantitative flow characterization with LSI was practically unaffected at normalized irradiance
values between 0.06 and 0.5; and (3) our LSI instrument was capable of highly reproducible SFI
values. From our clinical measurements, we found that the relative difference between blood
perfusion in PWS lesions and adjacent normal skin was highly variable. Based on SFI images, the
perfusion of PWS skin is sometimes indistinguishable from that of adjacent normal skin. With laser
therapy, we measured a global decrease in blood perfusion, and we frequently observed distinct
regions of persistent perfusion.

Conclusions—Our results demonstrate the potential role of image-guided laser therapy of PWS
birthmarks. LSI is a promising tool for noninvasive blood flow characterization during laser therapy
due to its relative simplicity and low cost. Lasers Surg.
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INTRODUCTION
Port wine stain (PWS) birthmarks are progressive vascular malformations that occur in ~12,000
live births per year in the United States. The majority (~90%) of PWS birthmarks occurs on
the head and neck and, thus, are difficult to conceal [1]. As a result, personality development
is adversely influenced in virtually all patients by the negative reaction of others to a “marked”
person [2]. Sturge-Weber syndrome (encephalotrigeminal angiomatosis), which is commonly
found among those patients with PWS involving the distribution of the first branch of the
trigeminal nerve is associated with increased incidence of glaucoma and seizures. The cause
and origin of PWS remains incompletely understood. The most likely hypothesis for the
development of PWS is the deficiency or absence of surrounding neurons regulating blood
flow through the ectatic post-capillary venules. As a result, the blood vessels are unable to
constrict normally and remain permanently dilated. Progressive development of the PWS
results in a darker appearance, soft tissue hypertrophy, nodularity, and overall further
disfigurement [3].

Current treatment options have significant limitations in terms of efficacy and risk [4]. With
laser therapy, a reduction in size and degree of redness of PWS skin occurs in ~60% of patients.
After ten treatment sessions, complete disappearance of the PWS occurs in only ~10% of
patients [5]. To reduce the financial burden and potential risks of repeated treatments under
general anesthesia, there is a need for innovative, individualized methods to maximize the
reduction in PWS redness per treatment session. Without addressing this need, the overall
efficacy of PWS laser therapy will remain variable because treatment protocols will remain
based primarily on the subjective impression and overall experience of the clinician.

To address this need, we set out to develop a noninvasive, objective method to characterize
PWS skin blood flow changes during laser surgery. Laser Doppler flowmetry and laser Doppler
imaging, both established methods in studies of microvascular skin characterization, are limited
by the need for mechanical scanning of the probe laser beam, resulting in long (on the order
of minute) image collection times. We instead propose use of laser speckle imaging (LSI)
[6-9] to provide real-time, quantitative feedback during laser surgery. LSI relies on acquisition
and analysis of a single image captured at an exposure time that is considerably longer than a
characteristic correlation time associated with the fluctuation frequency. A faster blood flow
appears more blurred in the captured image than regions of slower or no flow. The degree of
blurring is quantified as the local speckle contrast value, with zero contrast representing no
speckle and hence high blood flow, and unity contrast representing a fully developed speckle
pattern and hence no flow.

Herein, we present in vitro and in vivo data collected with a clinic-based LSI instrument.
Collectively, the data suggest the potential of LSI to serve as an intraoperative imaging tool to
furnish clinicians with real-time images of blood perfusion.

MATERIALS AND METHODS
Clinical LSI Instrument

To facilitate studies involving human subjects, we engineered a clinic-based LSI instrument
(Fig. 1). A primary design consideration was to collect raw speckle images with subjects
positioned as comfortably as possible. To this end, an articulated arm was used as the base
platform to provide flexibility in instrument positioning. Continuous-wave light emitted from
a 633-nm HeNe laser (P = 30 mW, Edmund Industrial Optics, Barrington, NJ) was delivered
to the target area with an optical fiber and diffusion glass. We selected this method for beam
expansion over a diverging lens because of the higher degree of homogeneity within the
irradiated field that could be achieved at a comparable speckle contrast (unpublished data).
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Raw speckle reflectance images were collected with a 12-bit, thermoelectrically cooled CCD
camera (Retiga 2000R, QImaging, Burnaby, BC, Canada) with a sensor size of 1600×1200
(H×V) pixels. Image data were transferred via FireWire connection to a PC for storage,
processing, and visualization. Custom written LabVIEW software (Version 8.0, National
Instruments, Austin, TX) was used to control all aspects of image acquisition and processing.
With a macro lens (Edmund Industrial Optics) attached to the camera, the size of the imaging
area was 4 cm×3 cm.

Speckle Image Processing
To extract blood flow information from the raw speckle images, we evaluated local spatial
intensity variations in the speckle pattern. In this study, a sliding window of 7×7 pixels was
used to convert the recorded images to speckle contrast images. The speckle contrast K is
typically defined as the ratio of the standard deviation σ to the mean intensity 〈I〉 and is between
0 and 1 [10]. When K is equal to 0, the speckle pattern is completely blurred by the relatively
large motion of flowing optical scatterers such as red blood cells. When K is equal to 1, the
speckle pattern is fully developed. At each image subregion defined by the sliding window
position, the K value of the center pixel is computed as

(1)

Assuming a Lorentzian flow velocity distribution [11], the following speckle imaging equation
can be derived:

(2)

where τc the correlation time and T is the camera integration time. The relative blood flow is
equivalent to the inverse of the correlation time (1/τc) and, thus, a speckle flow index (SFI)
map is computed. For this study, we set the value of T to 10 milliseconds which was selected
based on flow phantom experiments performed previously [7].

Preclinical Characterization of LSI Instrument
We first investigated three aspects of LSI that we deemed as important for clinical imaging:
(1) instrument depth of field (DOF), (2) effects of laser irradiance on SFI values, and (3)
measurement repeatability.

Depth of field (DOF)—Speckle contrast values are considerably affected by the location of
the imaging plane relative to the focal plane. For clinical imaging of PWS birthmarks, we
anticipated that skin curvature and variable soft tissue hypertrophy would require that our LSI
instrument has a relatively large DOF. To characterize the DOF of our instrument, we acquired
raw speckle images of an aluminum block. The block was positioned at various longitudinal
positions away from the focal plane. Speckle contrast maps were extracted from the raw speckle
images, and a mean and standard deviation of the K values per map were computed.

Effects of laser irradiance on SFI values—In the absence of noise due to instrumentation
or experimental conditions, values of K are not affected by laser irradiance as long as the spatial
distribution is uniform within the imaging field of view. In practice, we anticipated that K
values would be affected at both near saturation and relatively low irradiances due to
nonlinearities in camera performance and instrument noise. Due to the multiple factors that are
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expected to affect ultimately imaging performance, we performed experiments to determine
empirically the range of irradiance values over which SFI values are unaffected by irradiance.
To achieve this goal, we acquired raw speckle images of the subdermal microvascular network
of a mouse dorsal window chamber [6,7]. The independent variable was laser irradiance, and
the dependent variable was the mean SFI value extracted from a predefined site (Fig. 2). The
Institutional Animal Care and Use Committee at the University of California, Irvine, approved
these experiments.

Measurement repeatability—For reliable clinical imaging, the measurements must be
repeatable. To evaluate the repeatability of our blood flow measurements, we acquired raw
speckle reflectance images from four human subjects. All imaged regions consisted of visibly
normal skin. For each subject, we acquired two sets of speckle images: one from the arm and
the other from the face. Afterwards, each subject was allowed to move freely for 3 minutes
after which the instrument was repositioned, and images from the same two regions were
acquired a second time. Offline, the images were converted to SFI images and mean SFI values
extracted from the predefined sites.

Clinical LSI of PWS Subjects
We have acquired images from patients undergoing laser therapy ofPWSbirthmarks at the
Beckman Laser Institute and Medical Clinic. The measurement protocol has been approved
by the human subjects Institutional Review Board at University of California, Irvine. Prior to
acquisition of clinical measurements, each subject reviewed and signed an informed consent
form. Herein, we present representative data acquired from a Caucasian female subject with a
PWS birthmark on the left face in the V2 dermatomal distribution. The PWS skin was treated
with a V-Beam Perfecta pulsed dye laser (PDL, λ=595 nm, Candela Corp., Wayland, MA) at
a radiant exposure of 10 J/cm2; pulse durations of 1.5, 10, and 20 milliseconds; and a treatment
spot size of 10 mm. Prior to each laser pulse, a 30 milliseconds cryogen spurt was applied with
a 30 milliseconds delay between the end of the spurt and onset of the laser pulse.

Raw speckle images were acquired before and immediately after laser therapy. The camera
was focused on the target area at a working distance of ~300 mm. To perform proper sampling
of the speckle pattern, the f-stop of the macro lens was set to match the speckle size to the pixel
pitch (7.4 μm) of the CCD camera. The speckle size is equal to the width of the diffraction-
limited spot and is given by 2.44 λf/#, where λ is the laser wavelength (633 nm). After
positioning the camera, a sequence of ten raw speckle images (10 milliseconds exposure time
per image) was collected and the SFI images computed during post processing. The total time
required for positioning the camera and acquiring an image sequence was ~5 minutes.

RESULTS
Depth of Field (DOF)

To study DOF, raw speckle images were acquired from an aluminum block at different
longitudinal positions with respect to the camera. At a relative focal distance of zero (i.e., best
focus), mean speckle contrast was 0.75 (Fig. 3). At a relative focal distance of ± 0.5 cm, mean
speckle contrast was 0.755, an increase of only 0.6%. However, at a relative focal distance of
± 0.1 cm, mean speckle contrast decreased by 10-21%. Collectively, our data demonstrate that
for our clinical LSI instrument, the DOF is ~1 cm.
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A Wide Range of Laser Irradiance Values can be Used for LSI With a Negligible Effect on SFI
Values

We defined the normalized irradiance such that a value of unity corresponded to near-saturation
reflectance imaging. Our data (Fig. 4) demonstrate that quantitative flow characterization with
LSI is practically unaffected at normalized irradiance values between 0.06 and 0.5.

Quantitative SFI Data Demonstrate Repeatability of LSI Measurements
From qualitative analysis of acquired pairs of SFI images before and after LSI instrument
repositioning, we noted a high degree of similarity between the images (Fig. 5). Collectively,
the SFI values showed minimal changes after instrument repositioning (Fig. 6) demonstrating
the stability of our LSI instrument. Although the change in mean SFI value for each replicate
measurement was significantly different (P<0.01), the difference in values was on average less
than 3%, suggesting that the measurements are fairly repeatable. These findings are important
for clinical implementation of LSI because they suggest that measurable changes in SFI values
acquired prior to and immediately after laser therapy are due to the treatment itself and not
systematic errors associated with imaging methodology.

Images of Regions of Persistent Perfusion After Laser PWS Therapy
Raw speckle images were acquired from a PWS skin predefined site enclosed within the black
line (Fig. 7) prior to and 15 minutes after laser therapy. Prior to treatment (Fig. 7A), the blood
flow distribution was fairly heterogeneous. After treatment (Fig. 7B), blood flow decreased
presumably due to PWS blood vessel photocoagulation. Collectively, these data confirmed that
regions of persistent perfusion remain immediately after laser therapy.

Images of Complete Reduction of PWS Blood Perfusion After Laser PWS Therapy
After 10 weeks, we acquired a second set of raw speckle images from the same subject shown
in Figure 7. Raw speckle images were acquired from the marked predefined site (Fig. 8)
containing both normal and PWS skin areas (boundary denoted with dashed line). Prior to
therapy, we observed that the mean blood perfusion in the PWS area was higher as compared
to normal skin (Fig. 8B). Fifteen minutes after laser therapy, the PWS skin area became darker
(Fig. 8C) due to purpura formation, commonly used as an endpoint of PDL therapy [12]. The
perfusion in the PWS area was lower overall after laser treatment whereas the perfusion in the
normal skin remained unchanged. In contrast with the SFI image in Figure 7B, regions of
persistent perfusion were not observed within the treated area. The boundary between the
treated and non-treated areas was clearly evident.

DISCUSSION
LSI is an optical technique capable of detecting and recording relative changes in fluid flow
and might be very useful in providing a dynamic measurement of tissue blood flow. In this
article, we have quantified the DOF (Fig. 3), effect of laser irradiance on SFI values (Fig. 4),
and measurement repeatability (Fig. 5). Furthermore, clinical LSI has been used to identify
regions of acute persistent perfusion in PWS skin after laser therapy (Fig. 7). To date, only a
few studies exist in the peer-reviewed literature on the topic of blood flow in PWS vessels.
The majority of these studies have involved either laser Doppler imaging [13-15] or Doppler
optical coherence tomography [16-18] to assess blood flow dynamics with laser therapy. In
this study, we employed LSI because of the following advantages over optical Doppler
methods: cost, simplicity, and potential ease of integration into current laser systems.

Since the goal of laser therapy of vascular abnormalities is photocoagulation of the blood
vessels, physicians rely on biomarkers, such as purpura formation, to indicate a desired
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endpoint of PDL therapy. However, our clinical data (Fig. 7) demonstrate that persistent
perfusion regions exist even after surgery by a highly skilled physician experienced in PWS
laser therapy. LSI can provide a rational imaged-guided approach to assess the treatment
outcome in real time and aid in identification of regions of persistent perfusion that could be
retreated immediately, perhaps using different laser parameters.

In response to the first treatment session (Fig. 7), the mean SFI value decreased to 51% of its
pretreatment value. The standard deviation increased 22%, most likely due to the increased
heterogeneity of the skin perfusion after treatment (Fig. 7B). In response to the second treatment
session performed 10 weeks later (Fig. 8), the mean SFI value decreased to 64% of its
pretreatment value. The standard deviation also decreased, due to the more homogeneous
perfusion reduction in response to laser therapy (Fig. 8D). A comparison of mean pretreatment
SFI values from perfusion images acquired prior to each treatment session (i.e., Figs. 7A and
8C) results in a 15% increase in mean SFI values, which is an unexpected outcome. However,
we believe that this outcome is not necessarily representative of the true relative change in
mean SFI values. Camera view angle is expected to affect extracted SFI values. We recently
observed a similar causal relationship, with camera view angle having a significant effect on
skin color values extracted from facial diffuse reflectance images [19]. The images shown in
Figures 7 and 8 are clearly taken with different view angles, and thus we hesitate to draw any
strong conclusion from a comparison of pretreatment mean SFI values shown in these images.
Future efforts will focus on studying the effect of view angle on SFI values.

It is conceivable that LSI data may be affected by changes in blood oxygenation during surgery.
One visual manifestation of such changes is purpura formation. It is well known that the
absorption properties of blood vary with oxygen saturation. From Monte Carlo simulations
using MCML [20], we determined that complete deoxygenation of blood initially at a 75%
oxygen saturation state (to simulate PWS post-capillary venules) results in a maximum
expected reflectance decrease of 9% (unpublished data). Thus, the mean intensity in the
denominator of Eq. (1) would decrease. However, the standard deviation is expected to
similarly decrease, resulting in no overall change in speckle contrast. Thus, as a first-order
approximation, changes in blood absorption properties are not expected to alter speckle contrast
and, hence, SFI values. Nevertheless, a more detailed analysis of the effects of light penetration
depth dynamics (due to changes in optical properties) on speckle contrast is currently
underway.

Static optical scattering results in blurring of blood vessel features and reduces measured
speckle contrast, and hence SFI, values [21,22]. Experimental protocols have been proposed
to address this issue and ameliorates its impact [21,22] and will be the subject of future studies.
In this study, we focus instead on the gross vascular response to laser therapy and in particular
the presence (Fig. 7) or absence (Fig. 8) of regions of persistent perfusion. Since minimal
changes to bulk skin optical scattering are expected with laser therapy, we expect that direct
comparison of SFI values extracted from raw speckle image sequences taken before and after
therapy is a valid approach.

CONCLUSIONS
We have engineered and characterized a clinic-based LSI instrument for use as a surgical
guidance tool. Our data suggest that our instrument has an adequately large DOF, is relatively
insensitive to laser irradiance, and provides repeatable blood flow images. With laser therapy
of PWS birthmarks, a heterogeneous map of perfusion has been observed with regions of
persistent perfusion. Immediate retreatment of these regions may result in an improved
treatment outcome per session, reducing the number of treatment sessions required for
complete PWS blanching.
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Fig. 1.
Schematic of clinical LSI instrument.
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Fig. 2.
SFI image of the mouse dorsal window chamber model used to evaluate the effect of laser
irradiance on extracted SFI values. The region of interest selected for quantitative analysis is
enclosed within the black square superimposed on the image.
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Fig. 3.
For raw speckle images taken at a relative focal distance of ± 0.5cm, the mean speckle contrast
was similar to that at best focus (relative focal distance of 0 cm). For raw speckle images taken
at relative focal distances greater than 0.5 cm from best focus, the mean speckle contrast
decreased significantly (P<0.01). Thus, our instrument DOF was determined to be ~1 cm. Error
bars represent the standard deviation of the mean SFI value.
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Fig. 4.
With our clinical LSI instrument, we determined that SFI values were minimally affected by
laser irradiance at normalized values between 0.06 and 0.5 (i.e., data points enclosed within
dashed lines).
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Fig. 5.
Representative (left column) white light and (middle and right columns) SFI images taken from
one of the subjects. The top row shows images taken from a region of interest on the face, and
the bottom row shows images taken from a region of interest on the arm. For each row, the
images taken before (A,B) and after (C,D) were similar in appearance. [Figure can be viewed
in color online via www.interscience.wiley.com.]
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Fig. 6.
Repeatability of SFI measurements. Each pair of vertical bars represents measurements
acquired from a single site with the imaging instrument repositioned between measurements.
(A) and (F) represent measurements that correspond to an arm and face, respectively.
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Fig. 7.
Left: Photograph of Caucasian female patient with a PWS involving the V2 dermatomal
distribution. SFI images taken from the marked region of interest in (A) immediately before
and (B) 15 minutes after laser therapy. [Figure can be viewed in color online via
www.interscience.wiley.com.]
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Fig. 8.
Region of interest selected for LSI. The region was selected to include both PWS and normal
skin. SFI maps (C,D) of a selected skin area treated with a pulsed dye laser. Parts (A,B) are
gray scale images. Images were acquired (A,C) immediately before and (B,D) 15 minutes after
treatment. The black dashed line represents the border between PWS and normal skin. [Figure
can be viewed in color online via www.interscience.wiley.com.]
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