
INTRODUCTION

Over the past decade, several new contrast mecha-
nisms that supplement OCT microstructural imaging
capability have been investigated. Of these, one of the
most significant and physiologically relevant is the
ability to detect tissue blood flow. This functional
extension of OCT has become variously known as
optical Doppler tomography, color Doppler OCT, or
Doppler OCT (D-OCT); we will use the last term for
simplicity. Despite the terminology, it is interesting to
note that the classical Doppler effect (frequency shift
of the reflected wave caused by the motion of the
object) may not play a primary role in some methods
of signal detection, as elaborated below. Since its first
demonstrations in the mid-1990s1–3, several research
groups have worked intensely on using D-OCT to
detect blood flow in tissues. Various methods of
D-OCT flow detection have been explored, different
experimental systems have been implemented and
initial in vivo results in a variety of tissues have been
obtained4–12. Most of these developments have uti-
lized the time-domain OCT methods; very recently,
both spectral and frequency domain OCT approaches
have been adopted for D-OCT imaging as well13–18.

This chapter briefly reviews the underlying
physics of D-OCT, discusses Doppler image display
modes, describes experimental implementation
methods and highlights selected clinical demonstra-
tions. As a case study example, a particular phase-
sensitive time domain D-OCT system that has
enabled microvascular blood flow detection in endo-
scopic and interstitial settings is presented in more
detail. We conclude with a discussion of the future of
this promising approach for simultaneous high-reso-
lution real-time non-invasive imaging of tissue struc-
ture and function.

Initially investigated by the Austrian physicist
Christian Johann Doppler in the mid-1800s, the
effect named after its discoverer is a phenomenon

whereby a moving sound source seems more highly
pitched when approaching an observer, and of lower
pitch when receding from one. This apparent shift in
frequency also occurs when the source is stationary
and the observer is moving, emphasizing the impor-
tance of the relative velocity between the two. Fur-
ther, the effect can be generalized beyond sound to
all types of wave phenomena, including electromag-
netic radiation, as was done several years later in
France by Armand Fizeau. The Doppler effect has
been used extensively in many branches of science
and engineering – for example in astronomy to quan-
tify the approach and recession speeds of various
interstellar and extragalactic objects (culminating in
Hubble’s formulation of the expanding universe).
Closer to home, the most familiar use of the Doppler
effect is in automobile radars that detect speeding
motorists on local roads. In the biomedical arena, the
past ~40 years have witnessed the utilization of the
Doppler effect for non-invasive assessment of tissue
blood flow. The most familiar examples of these bio-
medical Doppler techniques are laser Doppler
flowmetry (LDF) and Doppler ultrasound imaging.

LDF, the traditional optical technique employed
for microcirculation assessment in the clinical set-
ting, has the advantage of being compatible with
endoscopic (and intravascular) tissue access through
to the use of fiberoptics19. This method employs
monochromatic laser light, most commonly a fre-
quency stabilized HeNe laser at 633 nm, to illuminate
the tissue of interest. When photons are scattered
back from moving red blood cells (RBCs), the fre-
quency of the light is shifted due to the Doppler
effect. By analyzing the spectral content change of the
scattered light, this technique can detect flow veloci-
ties from 0.08 to over 1 mm/s20, which is relevant to
the speed of slow-moving RBCs in the capillary bed.
However, multiple scattering of photons in tissue
makes it extremely difficult to determine the scatter-
ing angle of each photon-to-RBC interaction, and thus
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LDF cannot provide the absolute measurement of
RBC velocity (see Figure 32.2 and equation 2).
Another problematic aspect of LDF is its inherent
lack of depth resolution. Due to light scattering at
this wavelength, the effective interrogation volume
of LDF is about 1 mm3, with a penetration depth on
the order of hundreds of micrometers21. The LDF sig-
nal is the integral within this volume and the tech-
nique has no depth discrimination. Nevertheless,
LDF (especially combined with optical beam scan-
ning) remains an excellent tool for detecting relative
blood flow changes in superficial tissues, such as the
skin22, retina23, and gastrointestinal tract24.

Doppler ultrasound (US), using frequencies rang-
ing from approximately 2 to 15 MHz, is the most
widely used clinical imaging modality for accessing
the vasculature, typically targeting larger vessels
such as the carotid. Various methods of assessing
blood flow have been developed25, as briefly
described below, and various modes of data display
are employed, typically involving an overlay of a
selected blood flow Doppler map over the structural
reflectivity (brightness or B-mode) image. The
Doppler US displays are dynamic in nature, employ-
ing fast update (often real-time or video rates) visual-
izations, not static images common to other medical
imaging modalities. This ability to provide the clini-
cian with real-time visualization and guidance is
particularly important for Doppler imaging, because
tissue blood flow can be pulsatile, intermittent,
rapidly changing and otherwise variable in time. The
difference between dynamic imaging as seen in the
clinical setting, and static image displays as reported
in publications (and, for example, Chapter 14) must

be borne in mind – Doppler US and Doppler OCT, as
described below, are often more impressive and more
valuable in their real-life environment.

In addition to its broad clinical acceptance, active
research in Doppler US continues, particularly in
extending its velocity sensitivity and spatial resolution
to enable imaging of slower flows in smaller blood ves-
sels. Advances in power Doppler26, microbubble con-
trast agent27 and broadband signal processing28 are
particularly noteworthy in this regard. In practice, it
remains difficult to use Doppler US at clinical
(~10 MHz) frequencies to detect blood flow slower
than a few centimeters per second. By increasing the
US frequency to reduce the interrogation wavelength,
this situation can be improved (Figure 32.1). High-fre-
quency ultrasound (HFUS) in the 40–100 MHz range,
or ultrasound biomicroscopy (UBM), has been used to
image tumor models in animal studies29. Doppler
UBM systems can image the microcirculation and
detect blood flow velocity on the order of a few mil-
limeters per second in vessels as small as 20 µm in
diameter30. In animal studies, it has been used for
quantitative monitoring of the effect of antivascular
therapy based on integrated Doppler power measure-
ment within the imaged tumor volume31. The main
practical difficulty in using this technology in vivo has
been the lack of high-frequency multielement trans-
ducer arrays. As a result, single-element transducer
systems have been used to make two-dimensional
images in both B- and Doppler modes. Although real-
time frame rates can be achieved in B-mode, the trans-
ducer lateral scanning speed must be sufficiently slow
to avoid motion artifacts when operating in Doppler
mode. Consequently, the frame rate in Doppler mode
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Figure 32.1 Schematic plot showing Doppler frequency induced by different flow velocities when using Doppler ultrasound
at 5 and 50 MHz, in comparison to Doppler OCT at 1.3 µm (assuming the refractive index of tissue is 1.4, and a frequency inde-
pendent detection noise floor of ~3 Hz)
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cannot reach realtime*, which limits its use. A related
difficulty in using UBM in endoscopic/intravascular
applications is that catheter-based US probes typically
use a single transducer, and thus suffer from the same
problem.

TISSUE BLOOD FLOW AND
THE DOPPLER EFFECT

The equation describing the Doppler effect states
that the Doppler shift of waves scattered from a mov-
ing target is proportional to the frequency of the
interrogating wave (and inversely proportional to its
wavelength):

(1)

where fD is the Doppler shift, Vz is the target velocity
in the direction of the wave propagation which trav-
els at c (c �Vz) with a frequency of f0, and the wave-
length is λ0. From Figure 32.1, it is clear that, by
using shorter waves such as infrared light at 1.3 µm
(effective wavelength in tissue is approximately
0.9 µm due to tissue refraction index, which is
assumed to be 1.4) flow velocities as slow as 2 µm/s
can be measured . In addition, shorter wavelength
also allows the light beam to be focused tighter than
ultrasound, increasing spatial resolution and reduc-
ing the sampling volume to possibly smaller than a
single capillary, which may permit detailed imaging
of the microvasculature.

Extending the Doppler equation (1) to the case of
arbitrary interrogation geometry represented by the
Doppler angle θ (Figure 32.2), the Doppler frequency
fD of the blood flow, is proportional to the velocity:

(2)

where V is the blood flow velocity (= Vz/cosθ), f0 is
the center frequency of the broadband light, and nt is
the refractive index of tissue. When investigating the
same flow velocity, using a 1.3 µm OCT system can
elicit a Doppler frequency over two orders of magni-
tude higher than using 5MHz US. By using the shorter
wavelength in the optical regimen, the Doppler signal
from slow flow is raised above the noise floor and
detected. The smaller fractional bandwidth of the
OCT system also favors the identification of the
Doppler frequency with enhanced accuracy25.

A simple example will illustrate the relevant
numbers inherent in Doppler imaging of tissues.

Physiological blood flow velocities range from 10−6 to
10−2 m/s in the microcirculatory circuits (including
capillaries, arterioles and venules) and can reach
> 1 m/s in the major vessels32. Assuming a perfusion-
level blood flow velocity of 2 mm/s, tissue refractive
index of 1.4, OCT center wavelength of 1300 nm and
a Doppler angle of 60°, the OCT Doppler shift fD

is approximately 2.2 kHz (equation (2) and Figure
32.1). The same flow detected with a HFUS system
(50 MHz, λ°~23 µm) would yield a much lower
US Doppler frequency shift of only ~130 Hz, owing
to the longer US wavelength and the Doppler
frequency’s inverse dependence on it. This much
smaller blood-flow-related frequency shift is harder
to detect, and points to D-OCT’s potential advantage
in terms of minimum velocity resolution and sensi-
tivity to slower (perfusion-level) blood flows. How-
ever, even with the higher fD inherent in the optical
approach, such frequency shifts represent tiny por-
tions of the frequency bandwidth content of either
OCT or pulsed-wave US systems, and considerable
ingenuity (and often indirect methods) are required
for accurate flow determination.

OCT METHODS TO DETECT
PHYSIOLOGICAL DOPPLER SIGNALS

There are several approaches for detecting tissue
blood flow using OCT, as described in the literature

fD = 2ntVcos θ

c
f0 = 2ntVcos θ

λn

fD = 2Vz

c − Vz
f0 ≈ 2Vz

c
f0 = 2Vz

λ0
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Figure 32.2 Coordinate system for blood flow (red)
through the optical beam (blue)

*Among other parameters, the spatial resolution, lateral scanning speed, and minimum detectable velocity are related in
Doppler UBM. For a typical 40 MHz UBM scanning an 8 mm wide image, and if the desired minimum detectable velocity
resolution of 1 mm/s will yield a frame rate will be approximately 0.5 s−1.
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and reviewed in several book chapters8,9; the major
ones will be briefly highlighted below. Arguably
the most direct is to detect the true Doppler shift by
analyzing the time-domain OCT data in Fourier (fre-
quency) space, in order to distinguish the flow-
induced modulation components superposed on the
interferometric signal due to the (constant) reference
arm velocity. The mean velocity of flowing scatterers
(e.g. RBCs in blood vessels) as a function of depth is
estimated from the computed centroid frequency
of the local interferometric reflectance, by using
overlapped short time Fourier transforms (ST-FT).
Although computationally intensive and thus diffi-
cult to apply to in vivo dynamics, this allows an esti-
mation of Doppler shifts along each scan line, which
may be transformed to mean blood velocities if the
Doppler angles are known. Considerations related to
optimal selection of the time window for the ST-FT
processing, the amount of overlap between adjacent
windows, and trade-offs between improved velocity
resolution and reduced imaging speeds in ST-FT
methods have been extensively described and
reviewed in the literature2,8,9,33.

Another approach for OCT Doppler flow imaging is
to detect the local (depth-resolved) phase change by
comparing sequential or adjacent depth scans3,34–36.
For example, one can determine the phase by perform-
ing the Hilbert transform on the OCT signal, and then
obtain the Doppler shift by dividing the phase differ-
ence between two adjacent scans by the time between
line acquisitions (Ta= 1/[A-scan rate] = 1/fa). The
potential advantages of such phase-based methods
over the ST-FT approaches are that the velocity sensi-
tivity and spatial resolution are not in direct opposi-
tion, and the computational requirements are lighter.
Phase-based Doppler OCT imaging can also yield
increased axial scanning speed, higher frame rates and
reduced speckle noise3,34–37. Besides Hilbert-transform
approaches, other methods of phase resolved Doppler
OCT imaging are possible – for example, the Kasai
flow estimator as described in greater detail below.

Before proceeding to a particular illustrative exam-
ple of phase resolved Doppler OCT imaging, it should
be noted that, besides the ST-FT and phase methods,
several other means of OCT flow detection are possi-
ble. These include Doppler broadening and shift
approaches that permit the estimation of the total
velocity vector V without knowing the Doppler
angle38–40 and speckle analysis of structural (B-mode)
OCT images, allowing velocity estimation without
invoking the Doppler effect41. Also, signal processing
techniques have been developed recently that lead
to flow information extraction in spectral and
frequency-swept OCT systems13–18,42. Thus, a variety of
approaches exist to enable a researcher to detect blood
flow with OCT, each with its own advantages and
drawbacks. We now describe an example of time
domain D-OCT flow imaging in some detail, in order

to demonstrate the central concepts and outline the
biomedical potential of Doppler OCT.

IMPLEMENTATION: EXAMPLE OF
PHASE-RESOLVED TIME DOMAIN
DOPPLER OCT SYSTEM BASED
ON KASAI VELOCITY ESTIMATOR

Doppler US is an established field with many vali-
dated techniques for clinical imaging, and Doppler
OCT, while differing from it in many respects, also
shares considerable similarities. It is therefore useful
to discuss Doppler OCT with reference to many
mature concepts common in the US literature, and to
explore the utility and benefit of their adoption into
the OCT domain. A widely used velocity estimation
method in Doppler ultrasound for real-time flow
imaging was based on calculating the phase change
between successive echoes from moving blood, as
shown in 1982 by Namekawa et al.43 Known as the
Kasai estimator44, this autocorrelation technique
stemmed from radar research performed in the early
1950s, and was first described in the US literature in
the 1970s45. Subsequently, this technique was devel-
oped into the first commercial color-flow Doppler
US imaging system and gained wide clinical and
commercial acceptance25.

The basic setup required to perform time-domain
D-OCT employing the Kasai technique is depicted in
Figure 32.3, showing the in-phase and quadrature
demodulator module after the basic OCT system.

The above implementation employs hardware
demodulation to extract the in-phase (I) and quadra-
ture (Q) components of the complex D-OCT signal,
and then computes phase via a two-dimensional
software-based Kasai algorithm (from which the
Doppler shift, and then perhaps velocity, can be
obtained if the Doppler angle(s) are known). Further,
removal of background bulk tissue Doppler signal is
incorporated into the system. The resulting frame
rates, signal-to-noise ratio, velocity sensitivity and
dynamic range can enable a variety of in vivo
Doppler applications46, as summarized below.

It is important to realize that there is no unique
and optimum way to represent Doppler blood flow
information. Therefore, multiple Doppler modes
have been developed in clinical Doppler US sys-
tems, each with its own set of advantages and dis-
advantages; the most common ones include color
Doppler, sonogram (also known as Doppler spectrum
or Doppler waveform) and power Doppler modes.
Analogous D-OCT modes of display can also be cal-
culated from the digital I and Q signals furnished by
the above setup. While I and Q are primarily used for
phase estimation, as below, the structural images are
obtained simultaneously by displaying in gray-scale
the logarithm of [I 2 + Q2]1/2 at each pixel location.
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Color Doppler mode

The total mean velocity V at any pixel can be evalu-
ated by the Kasai autocorrelation equation:
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Figure 32.3 (a) Schematic diagram of the time-domain D-OCT system based on the Kasai velocity estimator method. LS, light
source; PC, polarization controller; OC, optical circulator; 3dB, 50–50 fiber coupler; PM, phase modulator; RSOD, rapid scan-
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where fD is the Doppler frequency shift, nt is the tissue
index of refraction (~1.4), θ is the Doppler angle, m
and n denote the indices in the depth and lateral
directions, respectively, and Y, X will be used for
estimating the variance of velocity estimate (see
below). The phase estimation is performed within an
M × N window to improve accuracy through averag-
ing. The size of the window and the degrees of two-
dimensional overlap are user-selectable and can be
optimized based on desired frame rates, velocity esti-
mation accuracy and spatial resolutions.

The resultant Doppler image information is usu-
ally displayed as a color map overlaid on the struc-
tural image, enabling simultaneous visualization of
both tissue structure and functions as well as provid-
ing anatomical landmarks for flow information. As

the Doppler angles are often unknown, especially in
a complex three-dimensional geometry characteris-
tic of tissue microcirculation, the velocity vectors are
not calculated and the mean Doppler frequency
shifts fD at each pixel are displayed. Color Doppler is
perhaps the most direct way to display blood flow
information; one potential disadvantage of this mode
is noise due to phase aliasing effects that occur at
higher velocity flows (Vz> ~4 mm/s for the reported
system with fa ~8 kHz).

Doppler spectrum mode

Another clinically important display mode for
Doppler ultrasound is the so-called sonogram or
spectral (waveform) display, essentially a joint

(3)
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time–frequency analysis of the flow signal using a
transform method such as short-time Fast Fourier
Transform (ST-FFT). The spectral display is usually
calculated at a particular location within a blood
vessel, often identified by color Doppler imaging, to
illustrate the velocity (or Doppler frequency) distri-
bution as a function of time. The Doppler spectrum
of that location at time nTa (Ta= 1/fa is the period for
one axial scan) is calculated by FFT over a window
length NFFT:

(4)

where S(t)n–NFFT,n,m is the complex OCT signal
sequence from time (n–NFFT)Ta to n Ta, M is the depth
window length (called range gate length in US litera-
ture), and W is a window function. This display
mode is especially useful for examining time-vary-
ing flow patterns such as pulsatile flow. Associated
with the spectral display, an audio output of the
Doppler frequency distribution is often presented to
the physician in Doppler US. The possibility of audi-
ble output stems from the fortuitous fact that, for
typical physiological flow velocities, the resulting
Doppler frequency shifts are around the low kilo-
hertz range (see Figure 32.1), and can thus be
directly heard by the human ear. Audio presentation
can also be accomplished in the D-OCT system10,46.

Power Doppler mode

Another approach to flow mapping is power
Doppler, in which the area under the Doppler spec-
trum (excluding the DC component due to stationary
tissue, known as tissue clutter) is calculated:

(5)

where I′ and Q′ are high pass filtered from I and Q
using a digital filter to remove signal from bulk tissue.
The resultant integrated power Doppler signal is
related to the volume of moving blood within the imag-
ing volume and results in the loss of blood velocity and
directionality information46,47. Although popular in
US, this mode turns out to be rather computationally
intensive in D-OCT because of the complex nature of
noise due to bulk tissue motion (see Velocity histogram
method, below). It must therefore be computed during
post-processing and does not appear well suited for
D-OCT real-time imaging.

Velocity variance mode

The velocity variance (or standard deviation) mode
is not typically used as a stand-alone display in
Doppler US systems, but has gained some popularity
in D-OCT10,11,38,46,48. If the color-Doppler calculation

is performed, relatively little additional computation
is required to obtain the velocity variance (or stan-
dard deviation) information. If S* is the complex
conjugate of the OCT signal S, then the normalized
velocity variance is:

(6)

This can be evaluated efficiently, since <X>, <Y>
and <S2> have all been calculated for the color
Doppler and structural display modes. Velocity vari-
ance mapping eliminates aliasing and can greatly
increase the velocity measurement range. Since vari-
ance generally increases from the laminar to the
turbulent regime, this mode can detect areas of sig-
nificant turbulence, such as flow near obstructions
and bifurcations in vessels; it can also help distin-
guish true blood flow from bulk tissue motion (e.g.
heart wall motion, which typically moves together
and thus exhibits low velocity variance). As in the
power Doppler imaging, however, blood flow orien-
tation information is lost. However, by combining
information from both the color Doppler and the
variance modes, one can also display ‘directional
velocity variance’ data, similar to the directional
power Doppler mode in clinical US.

Velocity histogram method for
motion artifact rejection

A major difficulty in Doppler imaging of tissue blood
flow is the signal contamination by bulk tissue motion
that also produces a (blood-unrelated) Doppler signal.
Thus, direct application of any of the Doppler modes
described above may give erroneous results due to
other sources of motion, which would require signal
processing to remove6,34. An alternative approach to
isolate the blood Doppler signal is based on velocity
histogram analysis49. The basic approach is to derive
the distribution of mean Doppler frequency shifts
along each depth scan line, using the color Doppler
imaging approach. The most prominent peak with a
narrow velocity distribution is then probably due to
bulk tissue motion, and can be eliminated from further
analysis. Note that this method can remove motion
artifacts both faster and slower than the blood flow
velocity. Figure 32.4 demonstrates the effective use of
this technique for in vivo Doppler imaging. Details of
implementation, performance and assumptions of this
important component of tissue Doppler OCT imaging
can be found in the original literature46,49.
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It is thus evident that different methods of flow
detection, and different modes of flow analysis/
display, are available for D-OCT. The time-domain
Kasai-based D-OCT system described above can
acquire, process and display data in real time at > 16
frames per second with 500 lines per image. At such
frame rates, the histogram method for velocity noise
filtering is applied in real time, and bidirectional color
Doppler as well as velocity variance images are also
displayed in real time. The methodology has enabled
catheter-based D-OCT implementation for Doppler
blood flow detection in endoscopic and interstitial
settings, as illustrated below. The Kasai estimator can
also be implemented in digital hardware to further
improve the computation speed. It is likely that the
continuing advances in spectral- and frequency-
domain OCT will yield clinical systems with faster
speeds and higher signal-to-noise ratio for Doppler
imaging in these challenging clinical settings.

DOPPLER OCT BIOIMAGING WITH THE
ABOVE IMPLEMENTATION

The following illustrative examples of various flow
display modes in a variety of in vivo systems demon-
strate the technological and clinical potential of
Doppler imaging with OCT, using the time domain
Kasai-based implementation described above. Figure
32.5 shows D-OCT imaging results for measuring
steady flow in a rectangular flow phantom46. The scat-
tering suspension of 0.25% Intralipid is flowing out of
the page. The rings due to phase aliasing wrap-around

are clearly seen in the color Doppler image. The color
codes for Doppler shifts are indicated on the scale
bar, and are assigned to be blue for flow towards the
observer and red for flow away from the observer in
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Figure 32.4 Cross-sectional in vivo D-OCT image of the human finger (dorsal skin surface above the nail root). Image size:
0.575 mm × 3 mm. (a) Structural image; (b) color Doppler image without motion artifact rejection; (c) a typical velocity
histogram, showing the main peak with block tissue motion and the side band due to blood flow (*); (d) the corresponding color
Doppler image with motion artifact rejection49
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Figure 32.5 (a) Structural, (b) color Doppler, and (c)
normalized power Doppler OCT images of a glass channel
flow phantom of 0.25% Intralipid. Note the aliasing effect
in (b) due to phase wrap-around, and the loss of flow
directionality in (c)46

OCT-32.qxd  10/11/2006  5:40 PM  Page 311



accordance with the Doppler US convention. A region
of flow disturbance, represented by an additional set
of smaller aliasing rings, is also seen in the bottom
right corner. The normalized power Doppler display
removes this aliasing artifact, although the directional
flow information is lost. Since the power Doppler
mode does not measure flow velocity but indicates
absence or presence of flow, the entire phantom cross
section appears uniformly bright. This is in contrast to
velocity variance image, which also loses directional
flow information, but does appear brighter in the
center corresponding to regions of higher velocity
flow (further details in reference 46). Thus, in com-
paring the power Doppler with the velocity variance
D-OCT modes, the latter is seen to be less computa-
tionally intensive while also regaining some of the
velocity gradient information.

The cardiac dynamics of the Xenopus laevis tadpole
as visualized by D-OCT, using a hand-held probe, are
illustrated in Figure 32.646. This important develop-
mental biology model can be used to study the pheno-
typic expression of genetic abnormalities, normal
embryonic development, structure–function relation-
ships and longitudinal disease progression; it can also

serve as a useful in vivo test bed for D-OCT system
refinement and characterization. Shown in the figure
are left and right branches of the truncus arteriosis
leading to the three chambers of the tadpole heart. This
view permits cross-sectional visualization of blood
flow in the left branch, as well as determination of the
Doppler angle in the right branch for absolute flow
velocity calculations. The higher signal intensities in
the velocity variance image corresponding to the loca-
tions of the vessels are clearly distinguishable from the
adjacent lower-variance signals corresponding to heart
wall motion. This, in combination with other D-OCT
display modes and the histogram velocity filtering
technique, allows one to detect the blood flow Doppler
signal in the presence of other confounding tissue
motions. The dynamic nature of the beating heart is
better appreciated by viewing the associated videos, as
contained in the original publication that supports
multimedia formats10.

The Doppler spectrum display corresponding to
the left branch of the truncus arteriosis location is
shown in Figure 32.7. The time-varying spectral dis-
tribution waveform clearly demonstrates the need
for (and the ability of) fast D-OCT imaging, enabling
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Figure 32.6 DOCT image of a Xenopus tadpole, imaging the left and right branches of the truncus arteriosis (L and R),
acquired at 8 fps. (a) Structural (B-mode) image of the aortic branches cross-section.  Notice a smaller vessel (V).  Bar = 500
µm.  (b) 2 × zoom of the yellow rectangular region in (a), showing the micro-structure of L.  The break in the yellow line indi-
cates the location from which Doppler spectrum information is collected and encoded into spectral (audio) format (see Fig-
ure 32.7), demonstrating the velocity distribution within L.  Bar = 250 µm.  (c) Color-Doppler image, showing the
corresponding velocity map in the cross-section.  The Doppler angle (α) is estimated to be ~ 63° for R.  The small blood ves-
sel (V) is much better visualized in the color-Doppler mode, allowing estimation of its diameter to be less than 70 µm. The
peak Doppler shift is ~ 9 kHz considering aliasing effects. (d) Velocity variance image, showing the increased variance of the
blood flow within L and R.  Each individual image was recorded at 450 × 508 pixels10
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the temporal capture of both systole and diastole
events in the rapidly beating tadpole heart. Again,
the reader is referred to the original multimedia pub-
lication for more complete video and audio repre-
sentations of the cardiac dynamics10.

One of the major limitations of OCT is its shallow
depth of imaging, limited to 1–3 mm in most tissues
because of the extensive tissue scattering. While this
depth is probably adequate for a variety of applica-
tions, such as studies of skin, epithelial linings of
body orifices (e.g. gastrointestinal tract) and intravas-
cular structures, deeper tissues and organs are diffi-
cult to access by OCT. One method to partially
overcome this limitation is to image at the tip of a fine
needle that can be inserted deep into tissue to the
desired location50,51. This methodology can be engi-
neered into a sub-millimeter-diameter imaging probe
capable of imaging bidirectional blood flow and
microstructure several centimeters deep into the tis-
sue. Figure 32.8 demonstrates proof-of-principle
Doppler imaging capability of this approach when
applied to Doppler OCT52. The small size of the probe,
its visualization and guidance by conventional imag-
ing modalities (US, X-rays), and the high-quality struc-
tural and functional blood flow information afforded
by the interstitial approach will be likely to expand the
range of anatomical sites and clinical/research scenar-
ios accessible to D-OCT.

To conclude this section of illustrative examples
of D-OCT imaging in vivo, Figures 32.9 and 32.10
display the results of microvascular blood flow detec-
tion in the superficial layers of the human gastrointesti-
nal tract, performed during routine esophageal
endoscopy in the clinic12,46. It should be noted that
endoscopic D-OCT represents a significant technologi-
cal challenge. The small size of the blood vessels, the

slow blood velocities, and the relative motion between
the distal imaging tip and the gastrointestinal tissue
(caused by the mechanics of the imager, the motion of
the endoscope, or the physiology of the patient) demand
a D-OCT system with high-velocity sensitivity and a
robust noise-suppression algorithm, all while remain-
ing compatible with the temporal and spatial con-
straints of a clinical endoscopy suite. If successful,
however, the addition of Doppler blood flow informa-
tion to previously reported high-resolution microstruc-
tural gastrointestinal OCT imaging may prove valuable
for vascular diagnosis, early disease detection, disease
prognosis and real-time assessment of local therapies.
The results in normal esophagus (Figure 32.9) and in a
pre-neoplastic condition known as Barrett’s esophagus
(Figure 32.10) demonstrate the clinical feasibility of
blood flow detection in human gastrointestinal tissues
during routine endoscopy. It was found that, in addition
to differing microstructures, normal and diseased gas-
trointestinal tissues demonstrate different mucosal/sub-
mucosal microcirculation patterns. The scientific and
clinical utility of this D-OCT finding is currently being
evaluated.

SUMMARY

Accurate assessment of blood flow in tissues is
important in biomedicine. It has been said that
‘where blood does not flow, life does not go’, and that
assertion underscores the importance of hemody-
namics that can benefit from  non-invasive high-reso-
lution imaging of the blood flow, especially at the
microvascular level. This importance is further high-
lighted in oncological applications with the recent
emphasis on tumor vasculature, angiogenic processes
and developments of antiangiogenic therapies in
combating the cancer burden. While a variety of
medical imaging modalities have been developed
for blood flow imaging in the body, including
ultrasound, MRI and CT, none can directly image
microvascular blood flow in intact tissues. D-OCT,
with its ability to simultaneously furnish structural
and functional images with micrometer-scale spatial
resolution and sub-mm/s blood flow sensitivity up to
a depth of ~2 mm in most mammalian tissues, can
thus fill a useful niche in medical imaging for blood
flow detection. D-OCT’s particular strengths – its
high imaging speed, non/minimally invasive nature,
affordability, robustness, portability, wide velocity
dynamic range, and exceptionally high spatial and
velocity resolution – can be advantageously exploited
in various clinical scenarios. In addition to selected
areas highlighted in this monogram, detailed knowl-
edge of in vivo blood flow is important for studies
of ocular (retinal) hemodynamics, burn depth esti-
mation, assessment of viability of transplanted tissue
viability, laser treatment planning of port wine stains,
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Figure 32.7 Doppler spectral display of the D-OCT system.
The full Doppler spectrum represents the velocity distribu-
tion of the blood flowing within the analysis window, which
is the gap in the yellow line shown in Figure 32.6(b). Notice
the rapid onset of systole and the aliasing caused by the peak
velocity (arrows), as well as the relatively longer time for
diastole (heart relaxation)10

OCT-32.qxd  10/11/2006  5:40 PM  Page 313



314 OPTICAL COHERENCE TOMOGRAPHY IN CARDIOVASCULAR RESEARCH

treatment response monitoring and optimization for a
variety of therapies (PDT, chemotherapy, radiation
therapy), determination of flow abnormalities associ-
ated with occlusive vascular disease, embryological
and developmental biology studies of angiogenesis
(in both wild-type and transgenic models), assess-
ment of bleeding risks of superficial vasculature and
longitudinal studies of microvascular development
in neoplastic transformations.

Further improvements in Doppler OCT methods,
including, dynamic focusing, coherence gate focus
tracking with a microelectromechanical mirror
(MEMS)53,54, expanding use of spectral- and frequency-
domain D-OCT approaches13–18,55, development of
flow and structural (molecular) contrast agents56,57 and

quantification of blood flow metrics as surrogate
markers for a particular indication may further enhance
the adoption of this promising technology into the
biomedical imaging armamentarium.
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Figure 32.8 In vivo demonstration of interstitial D-OCT. (a) The needle probe inserted in the thigh of an anesthetized rat.
(b) Fluoroscopy showing the needle position (arrow) with relation to the femur (F) and knee joint (KJ). Another needle tip (*)
marked the surface of the skin, showing that the needle was ~15 mm into the tissue. (Scale bar = 1mm). (c) Interstitial-D-OCT
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sels (arrows: diameter ~ 100 µm) were detected in the rat gluteal muscle. (f) In rat abdomen, both small and large blood ves-
sels were detected. Due to the large velocity differences in these vessels, the larger vessels were shown with velocity
variance color scale, while the smaller vessels were shown with Doppler shift color scale (green window). Imaging depth
was reduced beneath large blood vessels, probably due to blood attenuation of the signal. Interstitial D-OCT image dimen-
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flattened the epithelium in (a) and (c)12
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propria interface (arrows). Note the microvasculature surrounding the glands indicated by the velocity variance signal in (a)
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