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Noninvasive techniques for imaging in vivo blood
flow are of great value for biomedical research

and clinical diagnostics.(1) In plastic and reconstruc-
tive surgery, the superficial dermal plexus alone is
particularly affected by the presence of cutaneous
disease (e.g., eczema, scleroderma), vascular lesions
(e.g., port-wine stain, hemangioma, telangiectasia),
or trauma (e.g., irritation, wound, burn).  Local blood

flow monitoring is also critical for reconstructive
surgery involving rotational or free flaps where vas-
cular occlusion occurs in about 5%-10% of cases.
Early recognition of vascular compromise is essen-
tial for salvaging failing flaps and replants during
times of ischemia.(2) In those situations, it would be
most advantageous to the clinician if blood flow and
structural features could be isolated and probed at
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user-specified discrete spatial locations in either the
superficial or deep dermis.  Numerous approaches
have been investigated including angiography, elec-
tromagnetic flowmetry, and magnetic resonance
imaging,(3) as well as laser Doppler flowmetry
(LDF)(4) and Doppler ultrasound.(5) However, a non-
invasive technique for in vivo blood flow imaging
with high spatial resolution is currently not available
as a diagnostic tool in clinical medicine.

Optical Doppler tomography (ODT) combines
LDF with optical coherent tomography (OCT) to
obtain high-resolution tomographic images of static
and moving constituents in highly scattering biologi-
cal tissues.(6-10) The rationale for using ODT to char-
acterize the underlying microvasculature is that the
technique is able to probe with high spatial resolu-
tion (2-15 µm) at discrete user-specified locations in
biological tissues.  Such localization is possible
because the detected ODT interference fringe inten-
sity gives accurate discrimination of the optical path
length of Doppler-shifted and back-scattered light to
within the source coherence length.  Furthermore, in
contrast to LDF, the overall ODT signal due to mov-
ing red blood cells (RBCs) is almost entirely due to
Doppler-shifted back-scattered light.  As a result,
ODT signal-to-noise ratios (SNRs) are substantially
higher.  Inasmuch as tomographic images of blood
flow and tissue structure can be obtained simultane-
ously from a single scan, ODT has decided advan-
tages over existing methodologies.  High spatial res-
olution, noninvasive techniques for in vivo blood
flow imaging are currently unavailable as a diagnos-
tic tool in clinical medicine.  Such techniques could
have a significant impact on biomedical research and
clinical diagnoses.  The rationale for using ODT to
characterize the underlying microvasculature is that
the technique is able to probe user-specified discrete
spatial locations with high spatial resolution.  The
purpose of our study was to use a noninvasive tomo-
graphic imaging technique with high spatial resolu-
tion (2-15 µm) to characterize and monitor fluid flow
and the microvasculature in highly scattering biolog-
ical tissues at user-specified discrete locations.

METHODS

ODT instrumentation
The ODT instrument uses a fiber-optic

Michelson interferometer with a superluminescent

diode (SLD) ( 0= 850 nm; FWHM,= 25 nm) as the
light source (Fig. 1).(7) The sample and reference
mirrors constitute the 2 arms of the interferometer.
Light from the SLD and an aiming beam (He-Ne
laser; = 633 nm) are coupled into a fiber interfer-
ometer using a 2 1 coupler and then split equally
into reference and target arms of the interferometer
by a 2 2 fiber coupler.  Piezoelectric cylinders are
used to modulate the optical path length of light in
the reference and target arms by stretching the fiber
wrapped around the cylinders.  A ramp electrical
wave (80 Hz) is used to drive the piezoelectric cylin-
ders to generate optical phase modulation for the
interference fringes (fo= 1600 Hz).  Light in the sam-
ple path is focused onto a turbid sample by a gradient
index lens (NA 0.2) with the optical axis oriented at
15˚ from the surface normal.  ODT structural and
velocity images are obtained by sequential lateral
scans of the sample probe (i.e., fiber tip and gradient
index lens) at constant horizontal velocity (800 µm/s)
followed by a linear incremental movement normal
to the surface.

Light backscattered from the turbid sample is
coupled back into the fiber and forms interference
fringes at the photodetector.  The temporal interfer-
ence fringe intensity ( ODT ( ,t)) is measured by a
single-element silicon photovoltaic detector, where

is the time delay between light from the reference
and sample arms, and is related to the optical path
length difference ( ) between the two by = /c.
High axial spatial resolution is possible because

Fig. 1 Schematic ODT instrumentation.
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interference is observed only when is within the
source coherence time c, or equivalently, when 
is within the source coherence length (Lc = cc).
The interference fringe signal is amplified, high-
passed, digitized (20 kHz) with a 16-bit analog-to-
digital (A/D) converter, and transferred to a comput-
er workstation for data processing.  Typical temporal
interference fringe intensities from static and moving
constituents are shown in Fig. 2.  Signal processing
algorithms to obtain velocity and structural images
are illustrated in Fig. 3.

ODT images of flowing polymer microsphere
suspensions

Light in the target arm is focused into a test con-
duit carrying a flowing fluid consisting of polymer
microspheres.  Polymer microspheres (diameter

2.062 0.025 µm) suspended in deionized water
were used to simulate a biological fluid.  A polyeth-
ylene circular conduit (inner diameter of 580 µm)
was submerged 1 mm below the surface of a scatter-
ing phantom (0.25% Intralipid solution).  A micros-
phere suspension in distilled and double-deionized
water (concentration of 3.5 108 particles/cm3) was
infused through the conduit at a constant velocity by
a linear syringe pump.  Doppler-shifted, back-scat-
tered light from both the flowing fluid within the
conduit and the reference mirror were recombined
within the 2 2 fiber coupler and interfered only
when the path length difference was less than or
equal to the coherence length of the SLD source
light.  Power spectra of the optical interference fringe
intensity were measured by a photoreceiver in com-
bination with a spectrum analyzer.

ODT images of flowing Intralipid in a thin rec-
tangular conduit

A small rectangular cross-section glass conduit
with inner dimensions of 100 2000 µm was sub-
merged 1 mm below the surface of a highly scatter-
ing 1% Intralipid solution.  ODT structural and
velocity images were obtained when a suspension of
1% Intralipid was infused through the conduit at a
constant velocity by a linear syringe pump.

ODT images of in vivo blood flow in rodent skin
Rodent skin is a useful model for demonstrating

the potential applications of ODT for in vivo imag-
ing of vascular blood flow, and for introducing the
effects of strong optical scattering of ODT in biolog-
ical tissues.  Using pre-defined sites on the entire

Fig. 2 Temporal interference fringe intensity from static and
moving constituents.

Fig. 3 Signal processing algorithms to obtain ODT structural and velocity images.
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rodent ear, analysis of ODT images provides infor-
mation on (1) blood vessel depths and physical
dimensions and (2) RBC velocity.  The collected data
were correlated with histopathological measurements
of the depths and physical dimensions of the blood
vessels.  Ten 150-g rodents (Rattus norvegicus) were
anesthetized with ketamine (50 mg/kg).  Ear skin at
1.5 1.5 cm was shaved to allow assess to the vascu-
lature.  In vivo blood flow in both veins and arteries
of the rodent ear were imaged using ODT.  Cross-
sectional structural and velocity images were simul-
taneously obtained.

RESULTS

ODT images of flowing polymer microsphere
suspensions

In the structural images of the first model (Fig.
4A, B), the gray scale, which ranged from white at
the surface to darker shades at deeper positions indi-
cated strong attenuation of the temporal interference
fringe intensity due to scattering in the turbid sam-
ple.  The dynamic range of the temporal interference
fringe intensity power spectrum was 100 dB.  Back-
scattered light from the conduit wall and micros-
pheres in the lumen was evident.  In the ODT veloci-
ty image (Fig. 4C), static regions in the conduit
appear dark (V=0), while the presence of beads mov-
ing at different velocities is evident.  Beads near the
center of the conduit were observed to move faster

than those near the circular wall.  A horizontal cross-
section of the velocity profile through the center of
the conduit is shown in Fig. 4C, where the open cir-
cles are the experimental data, and the solid line is a
theoretical fit assuming laminar flow with a known
inner conduit diameter.  Agreement between theory
and experiment suggests laminar flow as expected.

ODT images of flowing Intralipid in a thin rec-
tangular conduit

ODT structural (Fig. 5A) and velocity (Fig. 5B)
images of flowing Intralipid in a rectangular glass
conduit could be obtained. Although scattering from
1% Intralipid was high (µs of 23 cm-1) and the con-
duit of the second model was invisible to the unaided
eye when viewed from the top surface of the phan-
tom, both the conduit and flowing Intralipid were
observed, respectively, in ODT structural and veloci-
ty images.  The ODT velocity image (Fig. 5B) indi-
cated that laminar flow was fastest along the central
axis of the conduit.

ODT images of in vivo blood flow in rodent skin
The presence of vessel-like circular features

could be observed in the structural image of blood
flow in the ear of rodent skin (Fig. 6A).  Strong
attenuation of light back-scattered from locations
deep in the skin indicates a high degree of optical
scattering.  The dynamic range of the measured
back-scattered light in the tomographic structural

Fig. 4 ODT images of microspheres in a conduit submerged 1 mm below the surface in a turbid sample. A: ODT structural image
of static microspheres; B: ODT structural image with flowing microspheres; C: ODT velocity image of flowing microspheres; and
velocity profile along a horizontal cross-section passing through the center of the conduit.
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image was greater than 90 dB.  Velocity images of
blood flow moving in opposite directions, as deter-
mined by the sign of the Doppler frequency shift, are
shown in Fig. 6B and C.  Blood flow in 2 small veins
with diameters of 70 and 40 µm, respectively
(Fig. 6B), and an artery with a diameter of 25 µm
(Fig. 6C), are clearly identified.

DISCUSSION

Noninvasive techniques for imaging in vivo
blood flow are of great value for biomedical research
and clinical diagnostics.(1) The ideal microvascular
imaging technique must a) be able to probe the
underlying microcirculation at a user-specified depth
in both the superficial and deep layers; b) be able to
distinguish arterial from venous flow; c) be able to
detect blood flow changes rapidly; d) be safe, nonin-
vasive; and e) be able to produce reliable, repro-
ducible results.

Numerous approaches have been investigated
including angiography, electromagnetic flowmetry,
and magnetic resonance imaging.(3) Inasmuch as all
of these techniques have shown limited utility for
tomographic imaging of the microcirculation, more-
recent approaches have incorporated the Doppler
effect.(4,5) Doppler ultrasound imaging techniques use
the principle that the frequency of ultrasonic waves
back-scattered by moving RBCs are Doppler-
shifted.(4) In addition to being noninvasive, the chief
advantage of the Doppler ultrasound technique is the
ability to record images of the heart and large-diame-
ter blood vessels (> 1 mm).  However, the relatively
long acoustic wavelengths required for deep tissue
penetration limit the spatial resolution to approxi-
mately 200 µm.

Fig. 6 ODT images of in vivo blood flow in rodent skin.  The
tomographic structural image presenting vessel-like circular
features (A) is coded for high (90-dB) and low (0-dB)
backscattered light intensities, respectively.  In velocity
images of veins with diameters of 70 and 40 µm (B), the
blood flow is coded for high (1300 µm/s) and 0 velocities,
respectively. In a velocity image of an artery with a diameter
of 25 µm (C), the blood flow is coded for high (2000 µm/s)
and 0 velocities, respectively.

Fig. 5 ODT structural (A) and velocity (B) images of flowing Intralipid in a rectangular glass conduit with inner dimensions of 100
2000 µm submerged 1 mm below the surface in a turbid sample of Intralipid. The arrows indicate the inner conduit dimensions.
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LDF was first described in the 1960s by Yeh
and Cummins.(11) However, it was not until 1972 that
the first blood flow measurement using LDF was
demonstrated.(12) With laser LDF, highly coherent
light incidence at a single optical frequency enters
the tissue.  A second fiber collects the back-scattered
light, a small fraction of which, by contrast, is
Doppler-shifted by moving RBCs; light scattered
exclusively by static constituents undergoes no fre-
quency change.  Detection of the Doppler shift is
founded on the heterodyne beating principle: shifted
and non-shifted back-scattered light amplitudes are
mixed on the surface of a photoreceiver to produce
low-frequency (< 10 kHz) intensity fluctuations.  The
power spectrum of such fluctuations is a complex
function of the RBC velocity distribution and con-
centration in the microvasculature.(5) Unfortunately,
because the LDF signal is due to much scattered
light with a correspondingly large variance in optical
path lengths through the tissue, the spatial resolution
is poor (> 250 µm), and information relevant to blood
flow at a discrete location is lost.

Using a noninvasive tomographic imaging tech-
nique, ODT makes it possible to characterize and
monitor blood flow with high spatial resolution (2-15
µm) at discrete user-specified locations in highly
scattering biological tissues.(13,14) The exceptionally
high spatial resolution of ODT has broad implica-
tions for the clinical management of patients where
blood flow monitoring is essential.  Information pro-
vided by ODT could be used, for example, to moni-
tor perfusion and viability before, during, and after
reconstructive procedures; to determine the efficacy
of pharmacological interventions for failing surgical
skin flaps or replants; to image microcirculation dur-
ing sepsis; and to evaluate tissue necrosis.  ODT
could also be applied to various nonmedical applica-
tions where rapid noninvasive imaging of turbulent
or laminar flow is required.

In our preliminary study, when microspheres
were flowing through a conduit, most features in the
ODT structural image (Fig. 4B) appeared unchanged
from the static case (Fig. 4A) with the exception that
the lumen became dark.  This was because the tem-
poral interference fringe intensity of the light
backscattered from flowing microspheres was
Doppler shifted ( fD) with respect to the phase
modulation frequency (fo) and did not contribute to
the power spectrum at frequency fo. ODT measures

the amplitude and frequency of the interference
fringe intensity generated between the reference and
target arms of a Michelson interferometer for struc-
tural and velocity images.  High spatial resolution is
possible because light backscattered from the sample
recombines with the reference beam and forms inter-
ference fringes only when the optical path length dif-
ference is within the coherence length of the source
light.  When light backscattered from a moving con-
stituent interferes with the reference beam, beating at
the Doppler frequency occurs ( fD): 

1
fD= (ks - ki) v

2π

where ki and ks are wave vectors of incoming
and scattered light respectively, and v is the velocity
vector of moving particles.  Having knowledge of
the angle between the scattering vectors (ks - ki) and
the velocity (v), measurement of the Doppler fre-
quency shift ( fD) allows determination of particle
velocities at discrete user-specified locations in a tur-
bid sample.(15-20)

Optical interference fringe intensities were
recorded of light backscattered from a transparent
glass conduit of rectangular cross-section containing
laminar, flowing 1% Intralipid.  The recorded scans
represent the optical interference intensity of light
backscattered from positions along a line passing
through the center of the conduit and perpendicular
to the walls.  Four principal peaks observed in both
traces represent reflections from the glass walls of
the conduit (i.e., air-glass, glass-fluid, fluid glass,
and glass-air).  In the flowing case with a slow
velocity, fringe intensity inside the conduit showed
little variation with position.  In the central axis of
the conduit, the velocity of Intralipid was fastest.
Fringe intensity was reduced in regions of greater
flow velocity because light backscattered from inside
the conduit is Doppler-shifted out of the spectrum
analyzer's sensitive bandwidth (i.e., 1000 15 Hz).
In contrast, the measured fringe intensity was greater
at regions near the conduit wall because the Doppler
shift of backscattered light was less.  Therefore, to
detect the Doppler-shifted signal, the optical axis of
the target arm was tilted relative to the flow direction
to give a component of the velocity parallel to the
incoming light propagation vector.
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ODT images of in vivo rodent ear blood flow
demonstrated that the attenuation of the backscat-
tered light intensity was indicated by the decreased
brightness of the image at deep positions.  Two ves-
sel-like structures, slightly flattened due to the effect
of gravity, were evident.  The region underneath the
blood vessel appeared dark in the structural image
because of the strong attenuation of light by red
blood cells and Doppler shifting of the multiple scat-
tered light beams out of the detection band estab-
lished by the phase modulator.(21,22) Velocity images
of blood flow moving in opposite directions, as
determined by the sign of the Doppler shift ( fD)
are shown in Fig. 6B and C, respectively.  Here static
structures (v = 0) in the dermal structure of the rodent
ear appear dark, while blood flow in both veins and
arteries appears in lighter shades.  Blood flow in 2
small veins and a small artery with diameters of 40,
70, and 25 µm, respectively, are clearly identifiable.
In human tissue, the major issue to be determined is
the volume of tissue that may be investigated and
imaged using ODT.  Although our preliminary stud-
ies suggest a depth of 1-2 mm may be successfully
imaged, the development of ODT systems using
high-power low-coherence sources at a longer wave-
length (~1300 nm) has the potential to probe more
deeply into highly scattering biological tissue.(23,24)

In conclusion, our results in preliminary in vitro
and in vivo studies on turbid samples and model vas-
culatures demonstrate the feasibility and potential
application of ODT for characterizing and imaging
blood flow with high spatial resolution at discrete
user-specified locations in highly scattering biologi-
cal tissues.  Given the noninvasive nature of the mea-
surement, exceptional spatial resolution, simple
hardware requirements, and relatively compact size,
ODT is a promising technique for both basic
research and clinical medicine.(25-32) Future studies
will focus on developing a high-speed ODT for the
clinical management of patients in whom microvas-
cular monitoring is essential.
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