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OBSERVATION

Imaging Blood Flow in Human Port-wine Stain
In Situ and in Real Time Using Optical

Doppler Tomography

J. Stuart Nelson, MD, PhD; Kristen M. Kelly, MD; Yonghua Zhao, PhD; Zhongping Chen, PhD

Background: Optical Doppler tomography (ODT) com-
bines laser Doppler flowmetry with optical coherence to-
mography to obtain high-resolution images of blood flow
in human skin in situ and in real time.

Observations: We present a case in which ODT was
used on a patient with a port-wine stain (PWS) birth-
mark to document the change of blood flow in response
to laser therapy. It might be possible to use ODT blood
flow measurements in situ to assist in assessing the effi-
cacy of laser PWS therapy. If partial restoration of flow
occurs immediately or shortly after laser exposure, in-
dicative of reperfusion due to inadequate blood vessel in-
jury, the PWS can be retreated using higher light dos-

ages. Retreatment is continued until the measured Doppler
shift is zero due to a permanent reduction in blood flow,
indicative of irreversible microthrombus formation in the
PWS vessels.

Conclusions: We have demonstrated that ODT may be
used for noninvasive imaging of blood vessels in PWS
skin. Moreover, ODT will potentially allow laser therapy
to be optimized on an individual patient basis by pro-
viding a fast, semiquantitative evaluation of the efficacy
of PWS laser therapy in situ and in real time.
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ODAY, CLINICIANS rely on

many noninvasive biologi-

cal imaging techniques to

diagnose and treat dis-

eases. Noninvasive imag-
ing of the cutaneous microcirculation has
many clinical applications related to blood
flow monitoring. The ideal imaging sys-
tem should (1) probe the underlying blood
flow with high spatial resolution (10 pm)
at user-specified locations in superficial
and deep dermal regions; (2) distinguish
arterial from venous flow; (3) provide ob-
jective imaging information that nurses
and other paramedical personnel can eas-
ily interpret; (4) be safe and noninvasive;
and (5) produce reliable and reproduc-
ible results.

Many biomedical researchers have in-
vestigated the application of noninvasive
optical Doppler techniques, such as laser
Doppler flowmetry (LDF), for monitor-
ing blood flow in human skin.! The prin-
ciples of LDF are relatively straightfor-
ward. In much the same way that the
Doppler effect changes the pitch of a car
horn as the car passes an observer, light
is frequency shifted when it bounces off
moving objects.? With LDF, incident light
of a single optical frequency enters the

skin. A second fiber collects backscat-
tered light, a small fraction of which is fre-
quency (or Doppler) shifted by moving red
blood cells; in comparison, light scat-
tered exclusively by static, nonmoving con-
stituents shows no frequency change. The
LDF signal is due to multiply-scattered
light with a large variance in optical path
lengths through the tissue. As a result, spa-
tial resolution is poor (>100 pm), and in-
formation relevant to blood flow at a dis-
crete depth is lost.

Optical coherence tomography
(OCT) is arecently developed modality for
high-resolution (10-ym) noninvasive im-
aging of living biological tissues.*” Opti-
cal coherence tomography is analogous to
ultrasound, in which acoustic waves
bounce off tissue and are translated into
images. Optical coherence tomography fills
a valuable niche in biomedical optics by
providing accurate in vivo subsurface im-
aging in 3 dimensions without requiring
contact between the probe and the tissue
under study.

In its simplest form, OCT uses a
broadband near-infrared light source in
combination with a Michelson interfer-
ometer to produce 2 beams: one beam fo-
cuses on the specimen and the other pro-
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MATERIALS AND METHODS

We developed an ODT instrument'"'* that uses a fiber-
optic Michelson interferometer (Figure 1) with abroad-
band light source (center wavelength, 1300 nm; out-
put power, 5 mW; and bandwidth, 65 nm). Light from
the source was coupled into a fiber interferometer us-
inga2 X 2 couplerand thensplitequally into reference
and target beams. In the reference beam, a rapid-scanning
optical delay line was used to change the optical path
length for axial scanning. In the reference beam, light
backscattered from the skin was coupled back into the
fiber and formed interference fringes at the photode-
tector. Interference fringes were observed only when
the optical path length difference between the sample
and reference beams was less than the coherence length
of the source. The fringe signals were then processed
by a computer to generate conventional OCT and ODT
images. Images from OCT were obtained by calculat-
ing the amplitude of the fringe signals. Optical Doppler
tomographic images were obtained by calculating the
phase change of the fringe signals.

Light in the sample path was focused onto a 10-um
spot on the skin surface using a 1:1 magnification gra-
dient index lens (NA=0.2). The probing beam was
aligned with the optical axis oriented at an angle of 5°
to 10° from the skin surface so that blood flow parallel
to the surface could produce a Doppler frequency shift.
Using our instrument, the approximate time to re-
cord conventional OCT and ODT blood flow images
was 2 seconds, with a velocity sensitivity of 10 pm/s.
After scanning, the time required to reconstruct the im-
ages was 7 seconds using a workstation platform.

To prevent surface movement, the area imaged
was in tight contact with a glass window, and an in-
dex-matching oil was inserted between the glass and
the PWS to decrease light reflection from the skin sur-
face. The oil also helped to flatten the skin surface
so that wavefront distortion of the probing beam at
the skin surface was minimized.

A 62-year-old white man with a PWS on the left
hand was recruited from the outpatient population
of patients available at the Beckman Laser Institute
and Medical Clinic, University of California, Irvine;
the protocol was approved by the institutional re-
view board. Informed consent was obtained.

To monitor the efficacy of PWS treatment in situ,
we constructed a handpiece that combined the laser
irradiation with the ODT probe at the same site. The
conventional OCT and ODT images were obtained from
the exact same site immediately before and after the
laser pulse was delivered without moving the probe.
The laser used for PWS irradiation was a ScleroPlus
(Candela Laser Corp, Wayland, Mass) pulsed dye la-
ser (wavelength, 595 nm; pulse width, 1.5 millisec-
onds; spot diameter, 7 mm; and fluence, 12 J/cm?).

After laser irradiation, a 3-mm punch biopsy
specimen was obtained from the center of the 7-mm
irradiated spot and fixed in 10% formalin. The tis-
sue sample was embedded in paraffin, sectioned, and
stained with hematoxylin-eosin. The remaining laser-
irradiated area was followed up with a subsequent
ODT measurement and evaluation of blanching 3
months after laser exposure.
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Figure 1. Schematic of optical Doppler tomographic instrumentation.

vides a reference. Light reflected from the specimen and
reference mirrors is combined at the detector. When the
optical path lengths are different between the target and
reference beams, no interference is observed and no im-
ages are obtained. However, when the optical path lengths
are identical for the target and reference beams, inter-
ference patterns are formed, and signal-processing algo-
rithms and related hardware translate the interference pat-
terns into images that are displayed as either a 2- or
3-dimensional gray-scale or false-color map. The depth
of the structure being imaged in the tissue can be mea-
sured by noting the position at which an interference pat-
tern is observed.

Several variations of OCT are now emerging, in-
cluding optical Doppler tomography (ODT), which com-
bines OCT with LDF to obtain high-resolution tomo-
graphic images of static and moving constituents in highly
scattering biological tissues.®'° The rationale for using
ODT to characterize the underlying microvasculature in
human skin is that the technique is able to image blood
flow with high spatial resolution (10 pm). Further-
more, in contrast to LDF, the overall ODT signal from
moving red blood cells is almost entirely due to the Dop-
pler-shifted light. As a result, signal-to-noise ratios are
substantially higher.

In this preliminary observation conducted on a
patient with a port-wine stain (PWS) birthmark, the
ability of ODT to image blood flow with high spatial
resolution at discrete locations in highly scattering
human skin is demonstrated. Furthermore, we describe
how ODT can be used for fast, semiquantitative evalua-
tion of the efficacy of PWS laser therapy in situ and in
real time.

— T

Figure 2 shows conventional OCT and ODT images taken
in situ from human skin with a PWS. The scanning range
is 2 mm (lateral) by 2 mm (axial), but only the linear part
(1.25 mm) of the axial scan is shown in the images. The
image size is 800 (lateral) by 500 (axial) pixels, with a size
of 2.5 pm/pixel. The images in Figure 2 were taken from
the palm-side surface of the index finger.

In the conventional OCT image before laser expo-
sure (Figure 2A), the boundary between the stratum cor-
neum and the epidermis is clearly visible, as is an orga-
nized network of collagen fibers in the dermis. The
conventional OCT image after laser exposure (not shown)
did not reveal any notable changes compared with that
taken before laser exposure.
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Figure 2. Tomographic images taken in situ from human skin with a port-wine stain (PWS). A, Conventional optical coherence tomographic (OCT) image before
laser exposure. Optical Doppler tomographic (ODT) blood flow images before (B) and immediately after (C) laser exposure. Images A, B, and C were taken from
the same skin site without moving the probe beam; ODT images B and C are color-coded tomographic images of blood flow velocity. The boundary between the
stratum corneum and the epidermis is clearly visible in the conventional OCT image (A). Many PWS vessels not seen on the conventional OCT image (A) are
detected in the dermis up to 500 pm below the skin surface in the ODT image before laser exposure (B). No blood flow is noted in the ODT image immediately
after laser exposure (C), indicative of microthrombus formation in the PWS blood vessels. D, Hematoxylin-eosin-stained histologic section from the imaged site

(X 200). Comparable PWS blood vessels are noted in images B and D.

Figure 2B-C are color-coded tomographic images
of blood flow velocity. In the ODT image (Figure 2B),
taken from the exact same site as the conventional OCT
image, many PWS vessels are detected in the dermis up
to 500 pm below the skin surface before laser exposure.
In Figure 2B, static regions appear dark, and blood
moving at different velocities is evident. Immediately
after pulsed laser exposure using a fluence of 12 J/cm?,
no blood flow is noted in the ODT image, indicative of
microthrombus formation in the PWS blood vessels
(Figure 2C). Figure 2D is a hematoxylin-eosin—stained
section obtained from the punch biopsy specimen taken
at the imaged site. Comparable vessels are seen in Fig-
ure 2B, D. Furthermore, intravascular microthrombi are
visible in the postirradiation biopsy specimen (Figure
2D). Blood flow did not return to pretreatment values,
as determined by subsequent ODT scans (not shown) 3
months after laser exposure, indicative of irreversible
microthrombus formation. Moreover, clinically signifi-
cant blanching was noted on the PWS test site 3
months after laser exposure, indicating that revascular-
ization did not occur.

B COMMENT

In this observation, we demonstrated how ODT can
measure the vascular response of patients with PWSs

undergoing laser therapy. Port-wine stain is a congeni-
tal, progressive vascular malformation in the dermis;
histopathological studies of PWS show an abnormal
plexus of layers of dilated blood vessels 150 to 750 um
below the skin surface having diameters varying on an
individual patient basis, and even from site to site on
the same patient, from 10 to 150 pm."

Use of the pulsed dye laser can induce microthrom-
bus formation'* and selectively coagulate PWS ves-
sels.”>" Atlow light dosages, pulsed dye laser induces only
temporary effects on the PWS vasculature; reperfusion oc-
curs and blood flow returns to preirradiation levels. Higher
light dosages might effectively form a totally occluding mi-
crothrombus, leading to a reduction in blood flow, which
approaches zero immediately after laser exposure and does
not return to preirradiation values. It might be possible
to use ODT blood flow measurements in situ to assess the
efficacy of laser PWS therapy. If partial restoration of flow
occurs immediately or shortly after pulsed laser expo-
sure, indicative of reperfusion due to inadequate blood ves-
sel injury, the PWS can be retreated using higher light dos-
ages. Retreatment is continued until the measured Doppler
shift is zero because of a permanent reduction in blood
flow, indicative of irreversible microthrombus formation
in the PWS vessels.

Recently published studies'®' have described an-
other modality, confocal microscopy, which can pro-
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vide in situ real-time images of trafficking red and white
blood cells in human skin. Although this modality has
many potential uses not possible with ODT,* confocal
microscopy does not specifically measure blood flow.
Comparatively, ODT images clearly demonstrate flow
changes in a distinct false-color map.

In summary, we demonstrated that ODT can be used
for noninvasive imaging of blood vessels in patients with
PWSs. Moreover, ODT will potentially allow laser therapy
to be optimized on an individual basis by providing fast,
semiquantitative evaluation of the efficacy of PWS laser
therapy in situ and in real time.
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