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Abstract
The biophysical effects of blood flow are known to influence the structure and function of adult
cardiovascular systems. Similar effects on the maturation of the cardiovascular system have been
difficult to directly and non-invasively measure due to the small size of the embryo. Optical
coherence tomography (OCT) has been shown to provide high spatial and temporal structural
imaging of the early embryonic chicken heart. We have developed an extension of Doppler OCT,
called spectral Doppler velocimetry (SDV), that will enable direct, non-invasive quantification of
blood flow and shear rate from the early embryonic cardiovascular system. Using this technique,
we calculated volumetric flow rate and shear rate from chicken embryo vitelline vessels. We
present blood flow dynamics and spatial velocity profiles from three different vessels in the
embryo as well as measurements from the outflow tract of the embryonic heart tube. This
technology can potentially provide spatial mapping of blood flow and shear rate in embryonic
cardiovascular structures, producing quantitative measurements that can be correlated with gene
expression and normal and abnormal morphology.
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Introduction
Shear stress produced by flow of blood through vasculature is a well known stimulus for
gene expression in endothelial cells (for review, see (Chien, 2007)). Regulation of genes in
the endothelial lining can then alter vascular smooth muscle function (Harrison et al., 2006).
Shear stress has also been shown to alter cellular identity of mesenchymal stem cells in vitro
(Wang et al., 2005). Blood flow, therefore, has a powerful influence on cellular expression
and identity. It has been shown that blood flow in the early embryonic heart influences the
morphology of the developing heart (Hove et al., 2003; Ursem et al., 2004). Abnormal shear
stress has been shown to change expression of genes in the endocardium of the embryo
(Groenendijk et al., 2005). However, alterations of flow and shear stress induced by venous
ligation could not be measured directly because technology has not existed that would
permit accurate, non-invasive measurements in such small systems at the early stage of
development during which the ligature was applied. Micro particle image velocimetry
techniques have been used for whole-field velocity measurements in embryonic avian hearts
as early as HH 15 (Vennemann et al., 2006) and more recently in extra embryonic vessels of
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an HH 18 chick (Lee et al., 2007). Doppler ultrasound has also recently been reported for
non-invasive investigations of atrio-ventricular valve formation in HH 9-39 embryonic
chicken hearts (Butcher et al., 2007), however limitations of spatial resolution limit
identification of structural features at stages younger than HH 17 (Butcher et al., 2007;
(McQuinn et al., 2007).

Optical coherence tomography (OCT) is a non-invasive imaging technique that provides
cross-sectional images of biological tissue based on low-coherence interferometry (Huang et
al., 1991). Recent developments in OCT technology, called Fourier-domain OCT, which
includes swept-source and spectrometer based spectral-domain OCT (SDOCT), has enabled
imaging at rates greater than 300,000 lines per second with maintained image quality
(Fercher et al., 1995; Choma et al., 2003; Leitgeb et al., 2003; Huber et al., 2006). The high
resolution (2–20 µm) and up to 2 mm imaging depth capability of OCT makes it well suited
for imaging embryonic cardiovasculature in small animals (Boppart et al., 1997; Yelbuz et
al., 2002; Jenkins et al., 2006; Luo et al., 2006). Also, recent demonstrations show
promising application of high-speed OCT imaging of chick heart structure to study heart
dynamics in four dimensions (4D = volume and time) (Jenkins et al., 2007). A functional
extension of OCT, called “Doppler OCT” (DOCT) can be used to measure Doppler
frequency shifts caused by motion or fluid flow (Yazdanfar et al., 1997; Wang et al., 2004;
Mariampillai et al., 2007). Measurements of flow-induced shear rate in capillary tubes have
also been demonstrated using DOCT (van Leeuwen et al., 1999). Here we describe an
extension of DOCT called “spectral Doppler velocimetry” (SDV) which provides spatially-
resolved non-invasive quantitative measurement of blood flow with high temporal
resolution. In this paper we describe the SDV technique, associated challenges, and
demonstrate its capability by measuring in vivo blood flow through extraembryonic
vasculature in the HH17 chicken embryo. From the SDV measurements we calculate the
volumetric flow rate and shear rate from a known location in each vessel. We present blood
flow dynamics and spatial velocity profiles from three different vessels in the embryo as
well as preliminary measurements from the outflow tract of an HH 16 chicken embryo heart.
This technology enables simultaneous correlation of blood flow with the dynamic expansion
and contraction of the heart tube. Also, it can potentially provide spatial mapping of blood
flow and shear rate in embryonic cardiovascular structures. These measurements could then
be correlated with gene expression and normal and abnormal structural developments.

Methods
Doppler SDOCT Microscope System

We used an SDOCT system operating at 18.9 kHz A-scan rate (Fig. 1a) (Yun et al., 2003).
“A-scan” refers to acquisition of a single line of data through the depth of the animal. When
the A-scan is viewed with time on the x-axis (over time), this produces an M-mode image.
The light source consisted of a super luminescent diode (InPhenix) with center wavelength
at 1310 nm (Δλ=84 nm full-width half-maximum). Sample arm light was coupled into the
optical path of a stereo-zoom microscope (Zeiss) modified for 2D lateral scanning of the
beam across the vessel. The interferogram (the result of interaction of the reference beam
and the reflected beam from the microscope, Figure 1a) was detected using a custom made
spectrometer with a 512 pixel InGaAs CCD camera (512LX, Sensors Unlimited). The
system was driven by high-performance software that controlled the dual-axis scanner in the
microscope and performed data acquisition, DC subtraction, re-scaling of the interferogram
from wavelength to wavenumber, correction of group velocity dispersion mismatch between
the reference and sample arms, fast-Fourier transform, display, and data archiving in real
time (Bioptigen, Inc.). The measured signal-to-noise ratio from an ideal reflector (mirror
with calibrated 44 dB attenuation) was 100 dB with 5 mW total optical power on the sample.
This system acquires, processes, and displays 512 × 500 pixel B-mode (depth vs lateral
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position) images at 38 frames per second and 512 × 256 pixel DOCT images at 18 frames
per second. The depth resolution (maintained along the entire depth) and lateral resolution
(at the focus) is approximately 12 µm and the maximum imaging depth is 2.0 mm (air),
which is sufficient for imaging embryonic structures during early development.

Experimental Methods
We incubated fertilized Hubert Ross chicken eggs, blunt-end up at 38°C for 72 hours.
Immediately prior to imaging, a small window was created through the outer shell and
chorionic membrane to gain optical access to the live embryo (Fig. 1b). The egg was
removed from the incubator and Doppler B-mode, SDV measurement and volume datasets
were acquired across the three numbered vessels shown in Figure 1b. Each recording session
required less than 2 minutes. The egg was placed back in the incubator for 5 minutes
between imaging each vessel as a pre-emptive measure to ensure the embryo had a
consistent heart rate for each measurement. The heart rate was monitored based on imaging
the pulse rate of blood flow through the vessel of interest. In a preliminary study, we also
acquired SDV measurements from the outflow tract of an HH 16 chicken embryo heart tube.

This system was originally developed for measurements of blood flow through younger
embryonic heart tubes. It became apparent that measurements of flow through simpler,
linear extraembryonic vessels would be necessary to interpret the more complex flow
through the anatomically dynamic heart. The data presented here reflects the validation and
measurements on linear embryonic vessels. Comprehensive measurements and analysis of
the more complex cardiac flow is in preparation.

Doppler OCT Imaging
For B-mode DOCT imaging, four A-scans at each lateral position on the sample were
acquired followed by real-time calculation and normalized color display of the Doppler
frequency shift,

(1)

Here, Δφ is the average phase shift over the four A-scans and T is the integration time of the
512 pixel InGaAs CCD camera (52.8 µs). The minimum Doppler frequency shift detectable
by this system is 21 Hz. This value indicates the lowest detectable Doppler frequency that
can be resolved from the phase noise of the system and limits detection of flow that occurs
in the micro-or neo- vasculature. The maximum detectable Doppler frequency shift occurs
when Δφ = 2Π or is equal to 1/T which for this system is 19 kHz. Flow velocities that
produce a Doppler frequency shift greater than 19 kHz will cause a 2Π phase shift or phase
wrapping artifact will be addressed in further detail below.

Spectral Doppler Velocimetry
SDV is a technique we developed to study flow dynamics at a user-defined spatial location
in the sample in conjunction with B-mode DOCT imaging. This technique is analogous to
pulsed wave (or spatially gated) Doppler ultrasound which is widely used to study blood
flow through the embryonic cardiovascular system (Phoon et al., 2002). Since SDV stems
from DOCT images (Yazdanfar et al., 1997), an advantage of this technique over pulsed
wave Doppler ultrasound is that it is depth-resolved. This means that SDV provides
hemodynamic measurement at all depths simultaneously, rather than averaged over a focal
volume. SDV is measured by acquiring Doppler M-mode (depth or A-scans vs. time) from a
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user defined location in the sample at a rapid rate (4.7 kHz). The blood flow velocity is
calculated as a function of time, V(t) using the following equation:

(2)

where n is the optical index of refraction of the sample (1.33), θ is the angle of flow relative
to the OCT scanning beam, λ is the center wavelength of the light source (1310 nm), and fD
(t) is the Doppler frequency shift determined by Equation (1).

Accurate quantification of flow velocity cannot be made using a single B-mode image (Fig.
2a), unless the vessel is oriented so that the direction of flow lies in the plane of the OCT
beam scan (this would be equivalent to the y-z plane in Fig. 2b). To measure the angle of
flow independent of the orientation of the sample, volume images were also acquired at each
SDV location. The volume datasets were manually reconstructed using Amira software
package (Mercury Systems, Inc.). Then, using the volume renderings, the angle of the center
of the vessel lumen relative to the OCT scanning beam was measured (Fig. 2b).

Phase unwrapping
DOCT measurements are constrained by the integration time of the system, where the
integration time is set by the readout time of the CCD camera. When flow rates are faster
than the integration time, the measured signal becomes phase-wrapped and velocity is not
uniquely extractable from the phase. Phase wrapped DOCT images appear to have “rings”
of positive (red) and negative (blue) frequency shifts, as is seen in Figure 6a. To address this
artifact, the Doppler measurements were low-pass filtered to reduce the phase noise and
previously described two-dimensional phase-unwrapping algorithms were implemented in
the SDV measurements (Ghiglia and Pritt, 1998). Figure 3 contains a plot of the minimum
and maximum velocity detectable by the system for all flow angles, based on Equation (2).
In this demonstration the vessels usually ran between 45 and 50 degrees relative to the OCT
beam which corresponds to a maximum velocity range between 13 and 14.5 mm/s.

Determining Vessel Diameter, Volumetric Flow Rate, and Shear Rate. The diameter of the
vessels were measured using B-mode (two dimensional) and M-mode (one dimensional)
datasets that were acquired at the same location as SDV measurements. The two diameter
measurements were averaged where the difference between the two measurements for all
three vessels was always less than 12 µm. Volumetric flow rate was calculated assuming
fully developed laminar flow (Lee et al., 2007) and that the vessels and heart tube were
cylindrical with a circular cross-section using the following equation:

(3)

Where Q is the volumetric flow rate, R is the vessel radius, and Vmax is the maximum blood
flow velocity along the vessel cross-section. The shear rate is defined as (van Leeuwen et
al., 1999):

(4)

Where τ is the shear rate (s−1) and ∂V/∂R is the change in blood flow velocity over a known
radial distance, adjacent to the vessel wall. ∂V/∂R was determined by measuring the slope of
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the velocity rise over 25 µm from the edge of the vessel wall using the spatial velocity
profile, at a time in the heartbeat cycle when the blood flow velocity was maximum.

Validation
To test the accuracy of velocity and flow measurements using DOCT we measured flow of
10% Intralipid through a 1.2 mm inner diameter glass capillary tube at five different flow
rates. The flow rate was controlled using a Harvard Apparatus syringe pump where we
varied the flow rate between 0.25 ml/min and 1.5 ml/min. To calculate the flow rate, we
plotted the average cross-sectional velocity profile from five DOCT images, for each rate. A
second-order polynomial fit to each averaged profile provided the peak velocity (Vmax)
used in Eq. 3. The measured and fitted velocities profiles for each flow rate is shown in Fig.
4a. Figure 4b shows a comparison between the measured flow using DOCT and the
calibrated flow from the syringe pump. Syringe pump calibration was performed by
measuring the volume of fluid which flowed through the system for a given amount of time.
For each flow rate, calibration was performed three times. The average flow rates and
standard deviations for both the Doppler and calibrated flow measurements is provided (Fig.
4b). The vertical standard deviation was calculated between the flow rate averaged from five
DOCT images and the flow rate measured using each individual frame. Phase unwrapping
algorithms were performed on DOCT measurements at flow rates of 1 ml/min, 1.25 ml/min,
and 1.5 ml/min which correspond to peak velocities between 30 mm/s and 55 mm/s.

Results
In vivo Doppler and three-dimensional OCT images were acquired from three blood vessels
in an HH 17 chick embryo. Figure 2a contains a normalized color Doppler OCT image of
blood flow through the cross-section of Vessel 2 superimposed over a B-mode OCT
structural image. The red or blue of the DOCT image corresponds to blood flow in the
direction towards or away from the incident OCT beam. The intensity of the grayscale
structural image correlates to the reflectivity of the microstructures in the tissue. The dotted
line in Figure 2a indicates the A-scan location of SDV measurement. SDV measurements
were taken along the center of all three vessels as illustrated in Figure 2a. Figure 2b is a
volumetric rendering of Vessel 2 (purple) with two orthogonal OCT cross-sectional images.
The x-y plane pinpoints the location of the SDV measurement within the 3D vessel
structure. This plane is the same as Figure 2a. The angle of flow relative to the OCT beam is
measured using similar volume renderings for all three vessels.

Blood flow velocity dynamics and the spatial velocity profile of the three vessels are shown
in Figure 5. An example Doppler M-mode (depth – y-axis vs. time – x-axis) image from
Vessel 2 is shown in Figure 5a. As in Figure 2a, the normalized color Doppler is
superimposed over OCT A-scans collected over time, from the same location in the vessel.
A plot of the Doppler measurement from the center of the vessel as a function of time
provides information on the blood flow dynamics in the vessel (Fig. 5b). Velocity as a
function of time in each vessel was calculated using Equation (2). This plot provides time-
resolved velocity measurements of blood flow through Vessel 1 (red), Vessel 2 (green), and
Vessel 3 (blue). The initial time for each measurement was arbitrarily chosen at a point
when the velocity was near zero. These plots show the increase in velocity as blood passes
through the SDV line of interrogation. Peak velocities were approximately 3.1, 2.0, and 8.0
mm/s for Vessel 1, Vessel 2, and Vessel 3, respectively; and the velocity drops to zero at
times correlating to diastole. The blood velocity rates are on the order of those measured
using micro particle image velocimetry (Lee et al., 2007). These results are also consistent
with the expectation that peak blood flow velocities decrease in peripheral vessels further
downstream from the heart. The vitelline vessel (Vessel 3) is a major blood vessel that
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connects to the dorsal aorta and where we measured velocity flow rates over 2.5 times faster
than the other two, more peripheral vessels. In each case there is also a small decrease in
velocity that occurs during peak flow. This transient decrease in flow may represent the
dicrotic notch and wave that is observed in post-embryonic peripheral arteries (Troxler and
Wilkinson, 2007) (see discussion).

As previously mentioned, an inherent advantage of SDV over pulsed wave Doppler
ultrasound is the ability to acquire depth resolved velocity measurements. A plot of the
blood flow velocity through the diameter of each vessel is shown in Figure 5c. These
velocity profiles were sampled at a time near peak flow through the vessels (t = ~110 ms for
Vessel 1 and 2, t = ~145 ms for Vessel 3).

One challenge in resolving the blood flow profiles is that the high optical attenuation of
blood reduces optical contrast in OCT images. This is best demonstrated in Figure 2a, where
a “shadow” appears below the blood vessel. This shadow can also add additional phase
noise to Doppler images in the same region. As a result, accurately measuring blood flow in
vessels that are large or reside deeper in tissue may prove difficult. The asymmetry of the
blood flow profile from Vessel 3 was most likely caused by optical attenuation near the
bottom of the vessel. The shear rate on the vessel wall was based solely on the ascending
slope of the velocity profile. The calculated shear rates for Vessels 1, 2, and 3 were 54.2,
74.5, and 25 s−1, respectively. The table in Figure 5 outlines the measured diameter and
volumetric flow rate from each vessel.

This investigation of extraembryonic vessels was necessary to develop the technology for
interpreting flow through the more complex and dynamically beating heart tube. Figure 6
demonstrates preliminary proof-of concept measurement of blood flow through the outflow
tract of an HH 16 chicken embryo heart. SDV measurements were acquired along the center
of the outflow tract, as indicated by the dotted line in Figure 6a. The active pumping of the
heart tube produces a more complex temporal blood flow profile than observed in the
extraembryonic vessels. Figure 6b shows the blood flow velocity through the outflow tract,
as a function of time, during one heart beat cycle. Using the M-mode OCT image in Figure
6d, the blood flow velocity can be correlated to the diameter of the outflow tract during
ejection of blood, this data could be used to measure the volumetric flow rate. Peak blood
flow during the cycle reached approximately 18 mm/s, which is within the range of
measurements reported using pulsed Doppler ultrasound ((McQuinn et al., 2007): outflow
velocity ~14.3 mm/s for HH 24 chick), pulsed Doppler velocimetry ((Hu and Clark, 1989):
peak dorsal aorta velocity increases from ~30 mm/s to ~40 mm/s from HH 12 to HH 24 in
development), and micro particle velocimetry ((Vennemann et al., 2006):peak primitive
ventricle velocity ~25 mm/s in HH 15 chick embryo). To our knowledge, there is no
reported data on blood flow velocities for HH 17 chick embryos measured in the outflow
tract region of the heart tube. These preliminary results suggest that there is negative, or
regurgitant, flow that occurs while the outflow tract is open, possibly due to incomplete
formation of the endocardial cushions. The spatial blood flow velocity profile during peak
flow (vertical dotted line in Fig. 6d) is shown in Figure 6c. These results are preliminary in
nature but they successfully demonstrate the ability to use OCT and SDV to image and
measure depth-resolved blood flow, non-invasively in these very early stage chicken embryo
heart tubes.

Discussion
Cardiovascular development is a dynamic process. Relationships between blood flow, gene
expression, and structural morphology in these small vessels and the early heart tube has
remained open for investigation, largely because technology that could measure blood flow
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with spatial and temporal resolution sufficient for early embryonic development has been
limited. But it is precisely at these early stages of development that considerable cardiac
defects may occur as a result of aberrant flow or structural development. Advancements in
ultrasound biomicroscopy can now provide resolution as low as 28 µm axially and 60 µm
laterally (Sedmera et al., 1999; Phoon and Turnbull, 2003). This technology enables
visualization of the heart tube in embryos as young as HH 12. and pulsed Doppler
ultrasound measurements in embryos as young as HH 17 (McQuinn et al., 2007). To fully
understand the relationship between blood flow, shear rate and cardiovascular development,
it is desirable to measure blood flow at earlier stages of cardiovascular development, where
the vessel lumen can be are as small as 100 µm in diameter. Here we described a technique
for non-invasive acquisition of spatially resolved blood flow dynamics in embryonic
vasculature using spectral Doppler velocimetry. Because of the high axial resolution, 12 µm,
it is possible to measure blood flow profiles in vessels smaller than 250 µm in diameter
which may enable measurement at earlier stages of development (Davis et al.). The high
resolution also minimizes artifacts that may occur from averaging over focal volumes that
cross areas of vessel wall or animal motion. Such low-velocity movements may cause
underestimation of actual blood flow in the developing cardiovasculature. An additional
advantage of this system is that SDV permits depth resolved velocity measurements. Shear
rate, therefore, can be determined by calculating the velocity gradient near the vessel wall.

Accurate quantification of blood flow velocity in embryonic cardiovasculature using OCT is
confronted with several challenges. The maximum detectable velocity is dependent on the
integration time of the OCT system. In this case, flow rates which induce Doppler frequency
shifts greater than 19 kHz will suffer from phase-wrapping artifacts and thus require
implementation of phase unwrapping algorithms. When measuring blood flow in large
vessels, these algorithms are sometimes complicated by attenuation of the OCT signal
deeper in the vessel, resulting in inaccurate reconstruction of the blood flow profile. This
limitation can be resolved by utilizing faster OCT systems or adjusting the OCT scan angle
which will then increase the maximum detectable velocity (Fig. 3). The presence of the
endocardial cushions insures that the inner surface of the heart tube is not cylindrical, as
assumed here. This may produce an overestimation of volumetric flow rates. Here we have
also assumed that flow is laminar. This assumption is acceptable for measurement in
extraembryonic vessels (Lee et al., 2007). Flow in the developing heart, however, is
complex and not likely laminar. In this report, invaginations and evaginations that may be
present along the heart tube lumen were not taken into account in calculation of blood flow
and sheer rates. Improved computational analyses are being developed and applied to
overcome these limitations, including more recent work on developing a more general
expression for volumetric flow (Wang et al., 2007).

A transient decrease in velocity occurred during forward flow in the peripheral vessels
(Figure 5b). This may represent the dicrotic notch and wave that is seen in normal human
peripheral blood flow measurements (Troxler and Wilkinson, 2007). The dicrotic notch in
humans represents the closure of the aortic valve and the transient decrease in velocity
associated with this. The dicrotic wave represents reflected flow from distal vasculature. The
transient dip in velocity we observed may reflect closure of the outflow tract cushion at end-
systole. Investigations of cardiac physiology are being performed to confirm this
relationship.

The influence of blood flow on heart development is not completely understood, primarily
due to the inability to simultaneously image heart structure and quantitatively measure blood
flow with high spatial resolution early in embryogenesis. Spectral Doppler velocimetry, in
conjunction with spectral-domain optical coherence tomography provides a new set of tools
for non-invasively imaging and quantification of blood flow dynamics in embryonic
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cardiovasculature. This technology enables spatial mapping of blood flow profiles and
associated shear rates that will soon be applied to studies during the earliest stages of
cardiogenesis. These measurements can also be used to support and validate computational
models already established to estimate the dynamic blood flow related processes that occur
during embryonic development (Taber et al., 2007).
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Figure 1.
Spectral domain optical coherence tomography (SDOCT) microscope system. (a) SDOCT
system setup. A low-coherence light source (λ=1310 nm) was used in a fiber based
Michelson interferometer design where the optical power was split using a 50/50 coupler
into reference and sample arms. The interferogram was measured using a custom-made
spectrometer containing a 512 element InGaAs CCD detector (Sensors Unlimited). (b)
Scanning of the SDOCT beam across three vessels was performed using an adapted Zeiss
stereo zoom microscope. Red arrows indicate direction of blood flow. SLD,
superluminescent diode (InPhenix); L, lens; M, mirror; M2, dual-axis scanning mirror
(Optics in Motion); G, grating (Wasatch). Scale bar = 5 mm.
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Figure 2.
SDV measurement and volume rendering of chicken embryo vessel. (a) Doppler OCT image
(blue) superimposed on and SDOCT intensity image of a cross-section of Vessel 2. The
vertical dotted line indicates the location SDV measurements were acquired. (b) 3D volume
rendering of Vessel 2. The volume rendering is used to measure the angle of blood flow
(green), relative to the OCT scanning beam. Here we have displayed two orthogonal OCT
planes where the x-y plane corresponds to the image shown in (a). Scale bar = 200 µm.
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Figure 3.
Detectable flow velocity range. The minimum and maximum detectable flow velocity is
dependent on the angle of flow relative to the OCT scanning beam, as expressed in Equation
2. Here is a plot of the maximum velocity detectable by the 19 kHz 1310 nm SDOCT
system, suffering from no phase wrapping artifacts. In this study the flow angles were
between 45 and 50 degrees.
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Figure 4.
Validation of Doppler flow measurements. Doppler measurements were acquired of 10%
intralipid flowed through a 1.2 mm inner diameter capillary tube at rates of 0.25 ml/min, 0.5
ml/min, 1.0 ml/min, 1.25 ml/min and 1.5 ml/min (a) Averaged Doppler velocity profiles
(dotted) and corresponding quadratic fit (solid line) at each flow rate. R2 values are provided
for each fit. (b) Comparison of measured and calibrated flow rates.
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Figure 5.
Blood flow measurements from three extraembryonic vessels. (a) Depth (y-axis) vs. time (x-
axis) Doppler M-mode (blue) superimposed over M-mode OCT scans of Vessel 2. (b) SDV
measurement taken along the dotted horizontal line in (a) shows the blood flow velocity
dynamics as a function of time for all three vessels (Vessel 1-red, Vessel 2-green, Vessel 3-
blue). (c) Velocity profile along the dotted vertical line in (a) for all three vessels. (table)
Measured diameter, volumetric flow and shear rates for all three vessels. Scale bar = 100
µm.
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Figure 6.
Blood flow measurement from outflow tract of HH 16 chicken embryo heart tube. (a)
Doppler OCT image superimposed over SDOCT image of the primitive ventricle and
outflow tract of the embryonic heart tube. Blood flows in the direction of the solid arrows.
The blue-red ring is an artifact caused by phase wrapping. The DOCT signal appears to
disappear in the center of the color-Doppler image because the wrapped signal at those
locations results in a zero phase shift. Published unwrapping algorithms were implemented
to resolve the actual phase shift and quantify blood flow velocity in (b) and (c). SDV
measurements were acquired along the dotted vertical line. (b) The blood flow velocity
dynamics from the center of the outflow tract shows negative, or backward, flow prior to the
rapid ejection of blood. (c) Blood flow velocity profile measured along the dotted vertical
line in (d). (d) M-mode OCT image of the outflow tract during the heart beat cycle shown in
(b). This image used in conjunction with (b) show the relationship between the outflow tract
opening with blood flow through the same location. Scale bar = 250 µm.
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