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Abstract
Background—The trajectory to heart defects may start in tubular and looping heart stages when
detailed analysis of form and function is difficult by currently available methods. We used a novel
method, Doppler optical coherence tomography (OCT), to follow changes in cardiovascular
function in quail embryos during acute hypoxic stress. Chronic fetal hypoxia is a known risk
factor for congenital heart diseases (CHDs). Decreased fetal heart rates during maternal
obstructive sleep apnea suggest that studying fetal heart responses under acute hypoxia is
warranted.

Results—We captured responses to hypoxia at the critical looping heart stages. Doppler OCT
revealed detailed vitelline arterial pulsed Doppler waveforms. Embryos tolerated 1 hour of
hypoxia (5%, 10%, or 15% O2), but exhibited changes including decreased systolic and increased
diastolic duration in 5 minutes. After 5 minutes, slower heart rates, arrhythmic events and an
increase in retrograde blood flow were observed. These changes suggested slower filling of the
heart, which was confirmed by 4-D Doppler imaging of the heart itself.

Conclusions—Doppler OCT is well suited for rapid non-invasive screening for functional
changes in avian embryos under near physiological conditions. Analysis of the accessible vitelline
artery sensitively reflected changes in heart function and can be used for rapid screening. Acute
hypoxia caused rapid hemodynamic changes in looping hearts and may be a concern for increased
CHD risk.
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Introduction
Congenital heart disease (CHD), the malformation of the heart during development, is one
of the most common forms of birth defects (Writing Group et al., 2009). Various risk
factors, both genetic and environmental, contribute to the incidence of CHDs (Marelli et al.,
2007; Michael et al., 2007). Biomechanical forces exerted by the blood flow have long been
hypothesized to impact cardiac development and recent studies are beginning to elucidate
the role of shear stress in controlling molecular and cellular processes [reviewed in
(Groenendijk et al., 2007; Hierck et al., 2007)]. Gross alterations of hemodynamic properties
at the critical looping stage have been shown to cause cardiac defects in various model
systems (Hogers et al., 1997; Hogers et al., 1999; Hove et al., 2003; Reckova et al., 2003;
Lucitti et al., 2006; Yashiro et al., 2007; Vermot et al., 2009), however, progress is hindered
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by a lack of proper imaging techniques to quantitatively identify rapid functional changes in
early embryos to identify the initial responses that deflect the heart into a trajectory towards
CHDs. The heart at early looping stages is relatively small in size (0.5–1 mm in length and
about 0.3 mm in diameter), fast contracting (2–3.5 Hz for avian embryos), fragile, and
undergoing rapid and 3-dimensionally complex morphological changes. The heart beat is
also very sensitive to environmental changes such as temperature (McQuinn et al., 2007;
Vermot et al., 2009). This demands an imaging modality of high spatial resolution, fast
sampling rate, easy setup, and minimal invasiveness, in order to capture the changes of
hemodynamics in the looping heart. For practical purposes, a high throughput technology,
where the time for set up, image capture, and analysis is short, would also be of value for
experimental studies.

While many technologies have been applied to the study of the embryonic heart [reviewed
in (Nieman and Turnbull, 2010; Tobita et al., 2010; Berrios-Otero et al., 2011)], previous
acute functional assays on fetal hemodynamics were mostly performed using ultrasound
pulsed-Doppler (Phoon, 2006; Spurney et al., 2006; McQuinn et al., 2007) with a typical
axial resolution of 30 microns and a much more limited lateral resolution. While this is
sufficient for interrogating hearts at later stages, the lack of spatial resolution and the
requirement of direct acoustic contact with the sample make it less ideal for looping stage
hearts. Optical coherence tomography (OCT) is a relatively new imaging technique (Huang
et al., 1991; Gu et al., 2010; Walther et al., 2011), that is well suited to study hemodynamics
in early embryos because of the high resolution that it can achieve (typically 10 microns)
and its penetration depth (1–2mm) is well suited for the study of tiny embryos (Jenkins et
al., 2011). The OCT penetration is much deeper than can be achieved using microscopy
techniques and allows imaging of the entire heart in vivo during early cardiogenesis
[reviewed in (Gu et al., 2010). Furthermore, this method requires no contact and is non-
destructive, enabling observations of fragile avian embryos in vivo and under physiological
conditions (Jenkins et al., 2010; Jenkins et al., 2011). Recent development in frequency-
domain OCT and image-based retrospective gating (Gargesha et al., 2009) shed new light on
the contraction dynamics of the early tubular heart (Jenkins et al., 2007), and also enabled
rapidly collection of 4-D images of the beating heart to make direct hemodynamic
measurements (shear stress, cardiac output, and stroke volume) (Jenkins et al., 2010).

Here, we show that when operating in the M-mode (similar to Doppler ultrasound imaging),
Doppler OCT can generate pulsed Doppler waveforms at high temporal and spatial
resolutions at the vitelline vessels, enabling rapid phenotypic screening of hemodynamic
changes under various perturbation conditions. Because the vitelline vessel flow dynamics
reflect the cardiac dynamics, this method of analyzing the morphologically simpler vitelline
vessel can be used in screening for alterations of cardiac function to identify embryos that
can then be subjected to the more time-consuming analysis of the beating heart itself.

To demonstrate the utility of this imaging technology, we choose hypoxia, a well-
documented perturbation, for our current study. Under certain conditions, an insufficient
oxygen supply (hypoxia) can occur in utero, which could lead to cardiac malformation
(Webster and Abela, 2007; Patterson and Zhang, 2010). Conditions leading to hypoxia-
related CHDs in humans include placental insufficiency (Thornburg et al., 2010), smoking
(Hafström et al., 2005; Feng et al., 2010), chemical exposure (Steeg and Woolf, 1979;
Arbeille et al., 1997), and extreme high altitude (Chen et al., 2009). Recent studies indicate
that altered hemodynamics can also lead to CHDs (Rychter Z, 1981; Hogers et al., 1997;
Forouhar et al., 2006; Culver and Dickinson, 2010), suggesting that hypoxia can exert its
effects on heart development through altered hemodynamics and potentially
mechanotransduction pathways. Long-term exposure of avian embryos to severe hypoxia
can decrease heart rates (Mortola et al., 2010), although a decrease to 15% oxygen did not

Gu et al. Page 2

Dev Dyn. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



significantly alter the embryonic heart rate (Sharma et al., 2006; Mortola et al., 2010). A
similar decrease of fetal heart rate was also observed in a murine model (Furukawa et al.,
2007). CHDs have been reported after prolonged hypoxic exposure (Ghatpande et al., 2008;
Tintu et al., 2009; Wikenheiser et al., 2009). However, most of these experiments expose
chick embryos to prolonged periods of hypoxia, and hemodynamic responses within the first
hour are generally not measured. On the other hand, acute hypoxia in human pregnancy can
arise with conditions such as obstructive sleep apnea (OSA) of the mother, during which
slower fetal heart rates were reported (Roush and Bell, 2004; Domingo et al., 2006).
Whether these acute events increase the risk for CHDs is still open for debate (Sahin et al.,
2008; Ayrım et al., 2011). We decided to measure acute hemodynamic responses to various
degrees of hypoxia using the avian embryo as our model system to validate our OCT
imaging protocols for rapid screening of phenotypes. In the process we hoped to increase
our understanding of how embryos respond to acute hypoxia with the enhanced spatial and
temporal resolutions associated with OCT technology.

Results
Acute hypoxic exposure does not reduce embryo survivability

Stage 17 (Hamburger and Hamilton, 1992) quail embryos in shell-less culture were exposed
to hypoxia for 1 hour, and then switched to ambient air (21% oxygen) for an additional 48
hours. The number of surviving embryos was recorded for the next 48 hours and analyzed
with the Kaplan-Meier model (Kaplan and Meier, 1958) (Fig 1). Under all three hypoxic
conditions, more than 80–90% of the embryos survived to the end of the 48-hour
observation period and no statistically significant changes in mortality were detected.
However, for the first 24 hours post exposure, there was a significant increase of mortality
for embryos exposed to 5% oxygen (from 0% to 20%). This increase of mortality was
limited only to the first 24 hours, and there was no additional risk for the next 24-hour
period. Our explanation is that some embryos (about 15%) might be weaker and 5% oxygen
merely accelerates the process of their dying; and for those embryos that were otherwise
healthy, there was no additional risk associated with acute 1-hour hypoxia. Our result
indicated that quail embryos in shell-less culture tolerated acute hypoxia very well without a
significant increase in mortality, and the hemodynamic measurements obtained within one
hour could still be considered to be under physiological conditions. We also performed
experiments in which embryos were exposed to hypoxic conditions for longer times.
Embryos exposed to 5% oxygen for longer than 1 hour exhibited a much stronger adverse
effect with none of the embryos surviving for more than 24 hours of hypoxia exposure. On
the other hand, embryos exposed to 10% or 15% oxygen survive normally under prolonged
exposure up to 48 hours (data not shown).

Hemodynamics are significantly altered during the 1-hour hypoxic exposure
At stage 17 of development, quail embryos were prepared in shell-less culture and the left
vitelline vessels (left omphalomesenteric artery or LOMA, shown in Figure 2A) of the
developing quail embryos was located under the real-time OCT display. Operating in B-scan
mode (2-D scanning mode), both the artery and vein were readily identified by OCT with
the artery commonly lying deeper (Fig 2B). After switching to the M-mode (1-D data
acquisition over time), images were collected at the midline of the artery (dotted line in Fig
2B), and the Doppler shift was calculated and displayed (Fig 2C). This M-mode colored
Doppler display showed pulsatile blood flow patterns typical for arteries, with the red color
indicating forward blood flow and the blue color indicating retrograde blood flow (Fig 2C).
A seven-pixel segment was chosen at the center of the colored Doppler signal (dotted line in
Fig 2C) and the pulsed Doppler waveform was computed and displayed (Fig 2D).
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The same measurements were also made when the same embryos were exposed to air with
reduced oxygen. When compared to the waveforms prior to the exposure, significant
changes of the shape of the waveforms were detected as early as 5 minutes after the start of
hypoxic exposure (Fig 3A and 3B).

We first measured well-established indices such as the pulsatility index (PI) and the
resistance index (RI). These indices developed in the 1970’s are widely used in Doppler
ultrasound (Gosling et al., 1971; Planiol et al., 1974). They offer an overall measure of the
blood flow characteristics in the arteries or heart using a single value which is not sensitive
to the absolute blood flow velocity and can be easily obtained (Thompson et al., 1988).
From the pulsed Doppler waveform, both indices can be easily calculated with high
reproducibility from one heart beat cycle to another. Our results showed that while RI
showed no significant differences, the PI of embryos exposed to either 10% or 5% oxygen is
significantly increased as early as 5 minutes from the start of the exposure to hypoxic
conditions (Fig 3A and 3B). In addition, some other changes were also detected. The heart
rate of the embryos gradually decreased during the 1-hour exposure (Fig 3C), and in certain
cases when the embryos were exposed to 5% or 10% oxygen, we also observed missing
beats in a subset of the embryos (Fig 3D). Although a small number of embryos exposed to
10% oxygen were occasionally arrhythmic, prolonged arrhythmias were only observed
under the most severe hypoxic condition (5% oxygen) and the embryos would likely perish
shortly after persistent arrhythmia, which might explain the increase of embryo mortality
during the first 24-hour period post exposure. In addition, we also observed a slight increase
in retrograde blood flow in approximately 50% of the embryos exposed to 10% or 5%
oxygen (Fig 3B), but this increase was not consistently observed under 15% oxygen.

Hypoxia slows down the fetal heart rate
We performed quantitative analysis on the pulsed Doppler waveforms obtained from
embryos exposed to either 15%, 10%, or 5% oxygen (n = 6 for each group). We excluded
embryos that exhibited arrhythmia during the imaging session. The first parameter measured
was the heart rate (Figure 3C). By stage 17, quail embryos have a stable heart rate at about
200–220 beats per minute with no significant increase with developmental stages until stage
24 (Pearson et al., 1998). This enabled us to directly compare the heart rate before and after
the hypoxic exposure even as the embryo continued to develop during the course of the
experiment. Our result confirmed that stage 17 quail embryos had an average heart rate of
210 beats per minute (Figure 3C, 0 minute time point). Although a mild hypoxic exposure
(15% oxygen) had no significant influence on the heart rate, both 10% and 5% oxygen
exposure significantly lowered the heart rate. The changes were correlated with the length
and severity of the hypoxic exposure. That is, the longer the exposure, the slower the heart
rate; the more severe the hypoxia, the slower the heart rate. For example, at 5% oxygen the
heart rate dropped from 210 beats per minute to about 150 beats per minute after only 25
minutes of exposure. However, these changes were mostly temporary. After the 1-hour
hypoxic exposure, once the air was replaced with an ambient oxygen concentration of 21%,
the heart rate gradually rose to normal levels (data not shown). The decrease of heart rate
under hypoxia is consistent with previous findings under slightly different exposure
protocols (Sharma et al., 2006; Mortola et al., 2010).

Since a slower heart rate indicates changes in the duration of different phases of the cardiac
cycle, we measured the average systolic and diastolic time (shown in Fig 3A and 3B). As
expected, the mild 15% oxygen exposure caused no changes in either phase (Fig 4A and
4B). The more severe hypoxic exposures, on the other hand, affected the phases in a
complicated manner. The systolic time showed an initial decrease from 100 msec to 90
msec; it recovered to the normal levels with 10% oxygen exposure, but continued to increase
to 130 msec with 5% oxygen exposure (Fig 4A). The diastolic time showed a rapid increase
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at 5% and 10% oxygen (after only 5 minutes), with a much more dramatic increase under
5% oxygen exposure (from 200 msec to 300 msec, Fig 4B). Statistically, there was no
further increase with longer exposure (Fig 4B). The increased duration of systole and
diastole can explain the decreased heart rate. The diastolic phase was the more dominant
factor because its increase was much more dramatic. This suggested that the heart spends a
longer time filling, but once it is fully filled it has no major difficulties and therefore takes
no extra time to pump the blood out to the arteries.

Doppler waveforms reveal other hemodynamic changes under hypoxia
During the analysis, we also consistently observed the small “shoulder” on the right side of
the main forward flow peak. This shoulder has been observed in some occasions with
Doppler ultrasound (Spyridopoulos et al., 2010) but has not been studied extensively due to
the poor temporal resolution and noisy nature of Doppler ultrasound signals. In addition, the
regions selected for analysis in M-mode Doppler ultrasound is generally large, and the
heterogeneity of the velocity profile within the selected region often obscures this very
subtle transition. In general, users of Doppler ultrasound utilized another index, A/B ratio,
which can be obtained more consistently regardless of data quality (Stuart et al., 1980;
Thompson et al., 1988). A/B ratio is the ratio of peak systolic flow and end-diastolic flow,
which is a measurement of systolic/diastolic ratio (also referred to as S/D ratio). However, in
our case, A/B ratio is technically meaningless due to the persistent retrograde flow at the end
of diastole, rendering this ratio negative and unable to reflect the ratio of systolic/diastolic.
However, we reliably observed the small secondary flow peak with distinct boundaries
(Figure 2D, 3A, and 3B) because the Doppler M-mode measurement comes from a much
more precise location and the velocity profile within is more uniform. Accurate
measurements could therefore be made of its maximal flow. As a result, we could calculate
the ratio of the secondary peak over the primary peak and obtain a systolic/diastolic ratio
that is a more direct measure than the conventional A/B ratio. When we measured the
relative height of this “shoulder” against the maximal forward flow, there was a significant
decrease after 25 minutes of exposure under the more severe 10% and 5% oxygen
concentration. The mild hypoxia (15% oxygen) showed no statistically significant changes.
Since the systolic time is not significantly affected by hypoxic exposures, the observed
decrease of this ratio suggests a less vigorous blood filling of the heart during diastole. This
is consistent with our earlier observation of increased diastolic time, because it takes longer
to fully fill the heart chamber before the next contraction can start.

4-D Doppler profiles in the beating heart under hypoxic conditions—From the
pulsed Doppler waveforms obtained from the vitelline arteries, we deduced what might be
happening inside of the heart. Based on our analyses, we hypothesized that the heart must
have a prolonged phase during blood filling. To directly test this hypothesis, we performed
4-D OCT imaging on a stage 14 quail heart before and after 1-hour of 5% oxygen exposure
(see movie in supplemental data).

To perform the experiment, we took an approach that is described in more detail in our
earlier publications (Jenkins et al., 2010). As it currently takes a much longer time to collect
and process the whole 4-D dataset from the 3-dimensionally complex looped heart than from
the tubular vitelline artery, we limited our analysis to only one experimental condition (stage
14 embryo, 5% oxygen, 1-hour exposure time). We could, however, use the same 4-D
dataset to make more advanced measurements (e.g. shear stress, or contractile wave
propagation velocity) in the future. We chose not to image stage 17 quail embryos for
practical reasons. The OCT imaging system has limited penetration depth and allowed a
much better view at stage 14 than at stage 17. Furthermore, the response to hypoxia of the
stage 14 embryo proved to be similar to the stage 17 embryo. The blood flow at both the

Gu et al. Page 5

Dev Dyn. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inflow and outflow portion of the heart is easily detected by Doppler OCT, as shown in the
movie, whereas the top of the heart tube shows little Doppler signal due to the incident angle
of the light being nearly perpendicular to the flow direction. When the Doppler profile under
hypoxia was compared to the normoxic control, the blood flow velocity at the inflow side
appeared to be significantly lower. In addition, the heart appeared to “pause” at the end of
the filling stage before the forward contraction began, which was predicted from our
waveform analysis of a prolonged diastolic phase measured at the vitelline artery. The blood
flow patterns obtained directly from the beating heart confirmed what we deduced from the
observations made in the vitelline arteries with M-mode pulsed Doppler waveform analyses.

Discussion
Doppler OCT provides high resolution pulsed Doppler waveforms that can be used to
measure hemodynamic parameters

During fetal cardiovascular system development, shear stress induced by blood flow has
been demonstrated to play important roles (Culver and Dickinson, 2010). The traditional
approach to obtain such information is to use M-mode Doppler ultrasound (Clark et al.,
1986; Hu and Clark, 1989; McQuinn et al., 2007; Oosterbaan et al., 2009). However,
ultrasound has limited spatial resolution which limits its usefulness during early embryonic
development where the size of the heart tube or vessels of interest are less than 250
micrometers in diameter. Compared to Doppler ultrasound, Doppler OCT may have
significant advantages when imaging early embryos because of its high spatial and temporal
resolution. The typical waveform obtained with OCT clearly displays features that are
difficult to detect in ultrasound waveforms. For example, we reliably demonstrated the small
retrograde flow leading to the upstroke of each heart beat (Fig 2D), which is harder to
identify with ultrasound. We also demonstrated a clear “shoulder” wave following the
systolic contraction (Fig 2D), which is also harder to define with ultrasound. With pulsed
ultrasound, the signal is derived from a much larger region of interest (ROI) compared to
Doppler OCT. When a larger region is selected, the region often encompasses extraneous
tissues (e.g. vessel wall) that can increase the noise. The blood flow inside a blood vessel
can be viewed as having a parabolic profile with the velocity at the center being highest, and
that near the vessel wall being the lowest. A larger ROI leads to a wide distribution in
velocities, and the result is a wide distribution on the pulsed Doppler waveforms. Also, our
4-D movie demonstrates that the pulsed waveforms vary greatly over a small region (inflow
versus outflow) which means that the larger ROI in pulsed Doppler ultrasound may lead to
the combination of several unique waveforms into one composite trace. A smaller region of
interest can be selected for Doppler OCT, thereby minimizing noise in the signal from the
overlapping signals and extraneous tissue. Also, Doppler OCT and ultrasound signals are
generally noisy and require averaging to produce reliable signals. The increased spatial and
temporal (8 microseconds/A-scan) resolution of OCT can be employed for signal averaging
to increase the signal to noise ratio. In general, we have seen a much more clearly defined
trace in the waveforms than can be obtained with ultrasound (Fig 2D), which enabled us to
detect more subtle features such as the “shoulder” and the retrograde blood flows. However,
OCT has less penetration depth than ultrasound, usually about 1–2 millimeters. This might
limit its use when studying late-stage embryos or adult animals. Ideally, OCT would be used
for early-stage observations and ultrasound for late-stage observations.

Here, we demonstrated that by using Doppler OCT, we can generate pulsed Doppler
waveforms from locations such as the vitelline arteries in an early avian embryo. These
waveforms can be analyzed to offer informative details about the functions of the heart. This
approach has several advantages, including an easy setup, high spatial and temporal
resolutions, and rapid analysis of data. Combined with a culture chamber to closely control
environmental conditions, this method offers a non-invasive means to perform longitudinal
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studies. This is particularly important for developmental biology studies, due to high
variances in stage within incubation days and within a stage among individual embryos
especially at early stages. A longitudinal study offers internal controls before and after any
interventions or treatments, thus reducing the numbers of specimens needed to perform
experiments. Using M-mode Doppler OCT, an observation can be made in only a few
minutes, which is also essential for short-term experiments such as in the study of acute
responses to hypoxic exposure. For example, after 5 minutes of exposure to hypoxia,
embryos initially responded by transiently shortening systolic time. This could help to
explain the initial increase of the heart rate observed by Sedmera et al in their explanted
heart model (Sedmera et al., 2002). This illustrates that the looping heart responds to stimuli
very quickly, therefore it is important to have an easy setup and ability to record data
quickly. In the future, we plan to modify our imaging protocol to allow continuous data
recording. This will also allow studies related to intermittent arrhythmias. Our current
imaging protocol can only capture arrhythmia events if they happen to fall inside our short
recording time windows.

Pulsed Doppler waveform analysis is suitable for initial screens—A Doppler
signal is only sensitive in the direction of the incident beam, and the flow information
perpendicular to the beam direction is lost during the measurement. To obtain the actual
flow velocity, the angle between the beam and the flow direction has to be measured (Wang
et al., 2007; Jenkins et al., 2010). On the other hand, the pulsed Doppler waveform ignores
such corrections and displays its result as a normalized flow pattern versus time. There are
several advantages; (1) the shape of the waveform is not affected by the angle between the
beam and the flow, and (2) the region of interest does not have to be in the center of the
vessel. As a result, we can operate in M-mode with a single line-scan passing through the
artery. Therefore, as an initial screen, pulsed Doppler OCT in M-mode is much simpler to
set up and the benefit in temporal resolution outweighs the loss (cannot obtain absolute
velocity information).

After analyzing the pulsed Doppler waveforms obtained from the vitelline vessels, we
inferred that the embryonic heart had a prolonged filling stage under hypoxia. This was
confirmed by 4-D Doppler imaging performed directly on the embryonic heart that showed
weaker filling and a pause at the end of diastole. Therefore, we conclude that pulsed Doppler
waveform analyses performed at the vitelline vessels can offer a quick and easy preview of
what might be happening in the heart. It is well suited as a tool for initial screening for
functional changes before more elaborate techniques are used to undertake the more
complex and time-consuming cardiac function analyses in the heart. In this paper, we used
4-D Doppler imaging only to visually verify the change of cardiac function; however,
precise measurements (e.g. wall shear stress, myocardial strain and stretch) can be obtained
based on the same dataset in the future, and these more advanced measurements can greatly
contribute to our understanding of biomechanical forces within the heart and their roles to
cardiac development.

Acute hypoxia can rapidly change hemodynamics of the embryo—Previous
studies on hypoxia were mostly focused on long-term exposures (Arbeille et al., 1997;
Hafström et al., 2005; Naňka et al., 2006; Sharma et al., 2006; Webster and Abela, 2007;
Ghatpande et al., 2008; Nanka et al., 2008; Tintu et al., 2009; Wikenheiser et al., 2009;
Patterson and Zhang, 2010), where the transcriptional activity of HIF-1 and HIF-2 are likely
to play a role in the outcome (Compernolle et al., 2003; Webster and Abela, 2007; Xu et al.,
2007; Wikenheiser et al., 2009; Patterson and Zhang, 2010). Although there were reports of
decreased heart rate, it was not possible to determine whether this was due to the roles of
HIF or other factors because of the length of hypoxia exposure and the time when the
function was assessed (Mortola et al., 2010). We have presented compelling evidence that
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some aspects of hemodynamics can be altered by hypoxia as early as 5 minutes, which is too
rapid to be accounted for by HIF-mediated transcriptional regulation. We do not yet know
the mechanisms of such alterations; although it seems reasonable to hypothesize that
hypoxia may change the energy balance of the cell (Budinger et al., 1996) and cause
changes in cardiac contraction or conduction. Hemodynamic changes have been proposed as
a mechanism for CHDs (Culver and Dickinson, 2010), however, we do not yet know if the
changes associated with acute hypoxia can produce developmental defects. Our survival
analyses indicated no significant increase in mortality with the exception of exposure to 5%
oxygen concentration. Even under the most severe condition, hypoxia appears to only shift
the time of death for the weakest embryos, as 15–20% of them died during the first 24 hours
instead of the second 24 hours period. Temporary hypoxia in humans can result from
conditions such as obstructive sleep apnea where fetal heart rate deceleration has been
reported in such cases (Roush and Bell, 2004; Sahin et al., 2008). It is important to
understand the link between hypoxia, hemodynamics, and CHDs, to properly access the
risks to the fetus in these situations. Our results suggested that such intermittent
hemodynamic changes may not result in cardiac defects in healthy individuals; however, if
combined with other risk factor for CHDs, they may still have significant impact on fetal
outcome. Further experiments are clearly warranted to fully elucidate those connections.

Even in prolonged hypoxic exposure, we can conclude that HIF-mediated transcriptional
events are not the only pathways involved. Hypoxia itself can alter the blood flow pattern
before HIF-1 or HIF-2 can perform their gene regulatory functions. Although HIF activation
may still contribute to the process, including a potential adaptive response to hypoxia, non-
HIF related targets might need to be considered for therapy and prevention. It is known that
shear forces or cyclic strains can also alter gene expression (Awolesi et al., 1994; Pearce et
al., 1996; Azuma et al., 2000; Dekker et al., 2002), some of which are shown to be important
in cardiovascular development, such as in the activation and upregulation of eNOS (Kumar
et al., 2008), klf2 (Lee et al., 2006), and p-ERK (Liberatore and Yutzey, 2004; Krenz et al.,
2005). ERK phosphorylation happens within 5 minutes of altered shear stress (Pearce et al.,
1996; Azuma et al., 2000), and therefore might mediate effects seen in acute hypoxia. Thus
the regulatory mechanisms that drive the responses of the cell or tissue to adapt to hypoxia
likely include both HIF-dependent and HIF-independent mechanisms. The HIF-independent
mechanisms could include rapid responses of the heart that alter function that in turn can
alter gene expression through mechanotransduction pathways.

In conclusion, Doppler OCT of the accessible vitelline artery sensitively reflected subtle
changes in function of the looping avian heart. This method could be useful as a rapid screen
to identify embryos with functional changes in cardiac function. Using this method we
found that acute hypoxia caused rapid hemodynamic changes including an increase in
retrograde flow in looping hearts that may be a concern for increased CHD risk.

Experimental Procedures
Quail egg incubation and shell-less culture

Fertilized quail eggs (Cortunix contunix communis; Boyd’s Bird Company, Inc., Pullman,
WA) were incubated in a humidified, forced draft incubator (G.Q.F. Manufacturing Co.,
Savannah, GA) at 38°C for 48 hours. Each egg was removed from the incubator, the shell
removed and the content of the egg was placed in a sterilized 35 mm Petri dish (Dunn,
1974). This shell-less culture was placed in a humidified tissue culture incubator (New
Brunswick Scientific, Edison, NJ) at 38°C until imaging.
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OCT imaging setup and imaging protocol
The OCT imaging system used in this study was a custom-built swept source OCT system,
employing a buffered Fourier Domain Mode Locked (FDML) laser (Huber et al., 2006a;
Huber et al., 2006b), which operates at a 117 kHz line rate. The axial resolution of the
system was 8 μm in tissue and the lateral resolution was ~10 μm (Jenkins et al., 2011) At
stage 17 of development, quail embryos were prepared in a shell-less culture and the left
side of the vitelline vessels was imaged with the OCT system as described in the results
section (Figure 2). The real-time B-scan was scanned at 500 lines per image (Fig 2B). For
the Doppler measurements, the OCT system was operated at slower line rate (29 kHz) to
improve sensitivity to Doppler shift caused by blood flow (Fig 2C).

Pulsed Doppler waveform analysis
Pulsed Doppler waveforms are generated using Matlab (MathWorks, Massachusetts), and
both heart rate and common indices such as pulsatility index (PI) (Gosling et al., 1971) and
resistance index (RI) (Planiol et al., 1974) were calculated with Matlab. PI and RI are
defined by

where Max is the maximal Doppler shift, Min is the minimal Doppler shift, and Avg is the
time-averaged Doppler shift.

We also measured other parameters that are defined as following. Relative “shoulder” height
is defined as the ratio of secondary peak height (h2) to the main peak height (h1 or Max)
(Fig 2D). We next define time point t2 as the start time of the secondary peak; t1 is the
corresponding time point during the upstroke with the same Doppler shift as t2. The time
span from t1 to t2 is defined as systolic time, and the rest of the heart cycle is defined as
diastolic time (Fig 2D).

4-D Doppler OCT of the embryonic heart
Each embryo in shell-less culture was placed under the OCT system at about 50–53 hours of
development. The developing heart imaged at 70 parallel slices, which were parallel to the
body axis and spaced every 20 μm. At each slice position, 70 B-scan images (1000 lines per
image, 1.5 μm between each line) were taken before the scanner moved to the next slice
position. After all the data were collected, an image-based retrospective gating algorithm
(Gargesha et al., 2009) was used to reconstruct the beating heart in 3D. The Doppler shift
was calculated and the phase was unwrapped (Goldstein et al., 1988) and displayed as an
overlay to the structure image using Matlab (Jenkins et al., 2010).

Imaging chamber setup and hypoxic exposure protocol
Quail embryo cultures were placed in a hypoxia chamber with a transparent lid. The oxygen
concentration in the chamber was monitored by a gas oxygen controller (ProOx360,
BioSpherix, Lacona, NY). The hypoxia chamber was housed in a humidified culture
incubator, where the temperature and humidity were controlled to maintain the developing
embryo under physiological conditions (Jenkins et al., 2011). During hypoxic exposure, the
gas oxygen controller controlled the slow release of nitrogen gas into the hypoxia chamber
until the desired oxygen concentration was reached. For the acute hypoxic exposure, the
embryos were exposed to decreasing oxygen concentration at 15%, 10% or 5% (regular
ambient air contains 21% oxygen) for 1 hour then returned to normoxia. During the 1-hour
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exposure, pulsed Doppler waveforms were recorded in the vitelline artery at 5, 15, 25, 35,
45, and 60-minute time points, and compared to those measured prior to the hypoxic
exposure (0 minute, and 21% oxygen concentration).

Survival analysis after short-term hypoxic exposure
After incubation for 48 hours, shell-less cultures were made as described earlier and placed
in the humidified culture incubator and cultured for another 24 hours at 38°C. Afterwards,
the surviving embryos (usually >90% survival rate) were exposed to either hypoxic
conditions (15%, 10%, or 5% oxygen) for 1 hour, or control conditions (no change in
oxygen concentration). After one hour of hypoxic exposure, the embryo’s environment was
changed back to a normal oxygen concentration. During the next 48 hours, the survival of
the cultures was recorded at 6 hours intervals. A statistical analysis was performed to
identify any potential increase in mortality after 1-hour of acute hypoxic exposure.

Statistical analysis
All statistical analyses were performed with the software package SPSS (IBM Corporation,
Somers, NY), and a p-value of 0.05 is used to establish statistical significance. The Kaplan-
Meier survival analyses (Kaplan and Meier, 1958) were performed for both the short-term
survival (24 hours post exposure) and long-term survival (48 hours post exposure). For the
pulsed Doppler waveform analyses, one-way ANOVA was performed to identify potential
significant differences, and the Tukey’s post-hoc comparisons were performed only when
significant differences existed.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Bullet Points

Doppler OCT captures embryo hemodynamics

Rapid and sensitive screening for functional phenotypes

Heart function reflected in vitelline artery function

Hypoxia causes rapid hemodynamic changes
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Figure 1.
Survival of quail embryos post hypoxic exposure. The quail embryos (stage 17) were
exposed to different degrees of hypoxia for one hour. Normal oxygen (21%) was restored at
the end of the hypoxic exposure period, represented in the figure as 0 hours. Embryos were
cultured for another 48-hour period, and the numbers of surviving embryos were plotted as a
percentage at different time points.
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Figure 2.
Doppler OCT can provide high resolution pulsed Doppler waveforms at the position of the
vitelline artery for hemodynamic measurements. (1A), Microscopic view of a stage 17 quail
embryo connected to the extraembryonic vasculature spreading over the yolk in an ex ovo
shell-less culture. The black bar indicates the location of the vitelline vessels that was
scanned for OCT imaging. (1B). B-scan OCT image of the vitelline vessel. LOMA - left
omphalomesenteric artery; LOMV - left omphalomesenteric vein. (1C). Colored Doppler
image at the midline of LOMA (dashed line in Figure 1B). The red color indicates forward
blood flow, and the blue color indicates retrograde blood flow. (1D). Pulsed Doppler images
at the center of LOMA (blue dashed line in Figure 1C). The magnitude of the signal
indicates relative flow velocity with positive values representing forward blood flows. Max
– maximal flow, Min – minimal flow (or maximal retrograde flow), and Avg – timed-
average flow.
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Figure 3.
Changes in hemodynamic parameters, bradycardia and missing contractions were observed
under hypoxic exposure. (A and B). Pulsed Doppler images of a stage 17 quail embryo
before and after exposure to 10% oxygen for 5 minutes. Arrow in (B) indicates increased
retrograde blood flow. (C). Embryo heart rate under different degrees of hypoxia for one
hour. Numbers were averaged from 6 individual embryos in each group, and plotted as
averages and standard errors (indicated by the error bars). (D). Pulsed Doppler image from a
stage 17 quail embryo exposed to 10% oxygen for 1 hour. Arrow indicates a missing
contraction with increased retrograde blood flow during the missing beat. Dotted lines
indicate time intervals between consecutive heart beats.
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Figure 4.
Hypoxic exposure alters the systolic time, the diastolic time, and the relative shoulder
height. Quail embryos were exposed to various degrees of hypoxia for 1 hour, and systolic
and diastolic time was measured based on the pulsed Doppler images taken from LOMA.
Relative shoulder height is defined as the ratio of the secondary peak velocity to the primary
peak velocity. All numbers are averaged from 6 independent observations, and plotted as
averages and standard errors. Asterisks indicate that values were statistically different from
controls (prior to the hypoxic exposure) with a p-value less than 0.05.
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