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1 | INTRODUCTION

Cardiovascular disease is the major cause of mortality
worldwide, accounting for 17.3 million annual deaths,
predicted to increase to 23.6 million by 2030." Not sur-
prisingly, congenital heart defects (CHDs) are the most
common of birth defects.” Numerous inherent and envi-
ronmental factors interact to manage and affect the car-
diac developmental program. However, as soon as blood
begins to move through the heart and vasculature, hemo-
dynamic forces begin to play a major role in initiating
and enhancing signaling pathways that drive cardiac
morphogenesis, angiogenesis, and the cardiac conduction
system development.*® Consequently, alteration of
hemodynamics during development significantly alters
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High resolution assessment of cardiac functional parameters is crucial in trans-
lational animal research. The chick embryo is a historically well-used in vivo
model for cardiovascular research due to its many practical advantages, and
the conserved form and function of the chick and human cardiogenesis pro-
grams. This review aims to provide an overview of several different technical
approaches for chick embryo cardiac assessment. Doppler echocardiography,
optical coherence tomography, micromagnetic resonance imaging, microparti-
cle image velocimetry, real-time pressure monitoring, and associated issues
with the techniques will be discussed. Alongside this discussion, we also high-
light recent advances in cardiac function measurements in chick embryos.

blood flow, blood flow velocity, cardiac function, cardiac physiology, chick embryo, Doppler,
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the developmental trajectory of the cardiovascular system
through chronic cardiovascular impairment in verte-
brates.”” Indeed, disturbed hemodynamics during the
embryo stages are a major factor contributing to the
development of CHDs in humans.'>"!

Due to difficulties in accessing the human fetus, ani-
mal studies are instrumental in studying how hemody-
namics contribute to the patterning of the developing
heart. The chick embryo (Gallus gallus domesticus) is a
particularly well-established model organism for develop-
mental physiology research for over 2000 years, with
roots going back to Aristotle.'>'* The popularity of the
chick embryo as a cardiovascular model arose mainly
due to the visibility and accessibility of the heart and vas-
culature during early development, when the embryo
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resides on top of the yolk as it develops into a chick
hatchling. Thus, the chick embryo's heart and vascula-
ture are visible and accessible for experimentation by
removing a small piece of eggshell (Figure 1). Due to
these attributes and the accessibility of chicken eggs, it is
not surprising that the chick embryo has become estab-
lished as a premier developmental animal model for
studying cardiovascular physiology'* and an excellent
platform to explore the influences of hemodynamic forces
within the cardiovascular system.'””

The chick embryo model is also helpful in studying
new blood vessel formation (angiogenesis/vasculogen-
esis).'"® The intraembryonic and extraembryonic vitelline
vessels branch across the yolk in a predictable pattern.
Commonly referred to as the chorioallantoic membrane
(CAM) vasculature, arteries, and veins are easily accessi-
ble since they are distributed over the top of the yolk
(Figure 1). CAM vasculature is a well-established model
for study of angiogenesis/vasculogenesis, where variables
in the development of vascular patterns during embry-
onic development can be conveniently monitored.'® For
qualitative and quantitative assessment of angiogenesis
in the chick embryo CAM model, blood flow in these
models need to be examined by measuring flow velocity
and pressure, which would then be used to calculate
hemodynamic forces.

Hemodynamic forces have a powerful influence over
angiogenesis, where forces from pressure and flow drive
the process of new vessel formation and healthy pattern-
ing of new vasculature; such that abnormal hemodynam-
ics can cause altered vascular formation which can alter
the functional efficacy of otherwise healthy tissue.”
Indeed, altered blood flow patterns during development
are often associated with CHDs.®*'"*” Unfortunately, the
vascular network is complex, with increasing variation in
the branching pattern with increased distance from the
great vessels and time of development. Thus, the well-
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characterized patterns of healthy vascular development
in chicken embryos provides a platform for understand-
ing how changes in hemodynamics affect vascular
branching pattern and function. Over the many years
since Aristotle’s Day, different techniques have been
adapted and scaled down to measure the tiny, yet scal-
able hemodynamic forces in chick embryos as a model
for cardiovascular developmental physiology. Through
these physiological tools, we can build clinically relevant
cardiac defects while evaluating the physiological rele-
vance between animal and human models. Though not a
comprehensive review of the many tools that we have
seen, this short review highlights some techniques that
enabled us to assess the development of hemodynamic
forces in the chick embryo.

In recent decades, technologies have allowed tech-
niques from human clinics to be applied to the chick
embryology. Doppler echocardiography, optical coher-
ence tomography (OCT) and p-MRI systems allow diag-
nostic medical imaging to detect blood flow and assess
tissue structure in these tiny embryos. In addition, digital
image analysis tools are commonly applied alongside
microscopy to characterize blood flow in even capillary-
sized vessels. Flow sensing is largely based on imaging
technologies. High-resolution techniques, including
Doppler echocardiography and 3D-OCT, could prove
considerable importance, particularly for the real-time
assessment of cardiac functional parameters. These tech-
niques have proven successful in screening for vascular
defects,” and monitoring cardiac flow velocities.* Dopp-
ler echocardiography is a unique technique that is widely
used for accessing hemodynamic alteration.>® Compared
to traditional ultrasound, OCT has a superior resolution
(5-10 pm) and is thus better suited for imaging smaller
structures (eg, embryonic hearts and vasculature). How-
ever, OCT's longer operating wavelengths limit the pene-
tration depth to nearly 2 mm. Hence, it is not practical
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FIGURE 1
Hamburger & Hamilton.

Pictures of chick embryos, stage HH18 to HH29 (embryonic days 3-6) cultured in-ovo. ED, embryonic development; HH,
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for deep tissue imaging, but OCT is quite valid for the
accessible vasculature of embryonic chicks.*** Using
OCT imaging of blood flow, blood velocity and shear
stress levels in the endocardium have been established in
various animal models, including Drosophila,® chick
embryo,*® mouse,*” and xemopus laevis.*®

Transducers in pressure sensing in microenviron-
ments have also enabled techniques to be scaled for smal-
ler applications built around increasingly sensitive
optical and electrophysiological pressure transducers.
However, it is difficult to assess blood pressure (BP) in
embryos due to the necessity for accessing the inside of
the cardiovascular system and the targeted structure's
small size. Several techniques can be applied to chick
embryos to assess pressure within cardiovascular com-
partments in the vasculature and heart. Complex pres-
sure waveforms within the heart or blood vessels can be
measured directly via catheters connected to pressure
transducers,*”*° or by the servo-null micropressure tech-
nique, which employs a unique transduction system to
monitor subtle changes in pressure by sensing changes in
the electrochemical properties of an electrolyte-filled
glass capillary.*’ Such electrophysiological techniques
have been used to study pressure in chick embryos,** zeb-
rafish hearts,** and cells.*

This review summarizes the most common in vivo
techniques applied to chick embryos for assessing cardiac
functional parameters. We discuss how these methodolo-
gies have been used for both improved visualization of
embryonic development and to enable precise measure-
ment of blood flow and pressure in the cardiovascular
system of the embryonic chick. As we present these tech-
niques, we provide contextual data to illustrate how pres-
sure and flow velocities change during development in
the chick embryo.

1.1 | Measurement of blood flow
velocity (BFV)

Understanding cardiovascular flow characteristics is
essential to study cardiac functions and the progression
of disease. Several technologies to monitor flow velocities
through blood vessels and cardiac chambers in human
clinic and in mammalian model organisms are adapted
for use in chicken embryos.”>*>* Common targets for
analysis of BFV are the vitelline vessels, atrioventricular
(AV) canal and outflow tract (OFT). These targets are
readily accessible, and investigations commonly involve
interference of CAM, AV canal, and OFT to investigate
effects of altered hemodynamics within the developing
cardiovascular system. Importantly, there are macro-
scopic and microscopic techniques for the study of BFV.

Utilized measurement techniques include Doppler ultra-
sound, Doppler OCT, and microresolution particle image
velocimetry (p-PIV). In addition, p-MRI technologies
have been recently applied to measure blood flow.

1.2 | Doppler echocardiography
Echocardiography is a widely used noninvasive type of
medical imaging modality of the heart that relies on
ultrasound technology to provide information regarding
the heart's mechanics and hemodynamic function. There
are four main modes of echocardiography: brightness
mode (B-mode), motion mode (M-mode), Doppler imag-
ing, and three-dimensional (3-D) echocardiographic
imaging. Echocardiography can provide comprehensive
information on cardiac anatomy, physiology, and
mechanical properties. In humans, echocardiography
consists of transmitting high-frequency sound waves,
which are reflected off different tissue moieties (eg, myo-
cardium, blood, valves, etc.) back to an ultrasound trans-
ducer, which receives the reflected signal of all tissues.
Software dynamically processes the incoming signals
from the different tissues and generates a real-time image
based on the known acoustic impedances of each tissue.
B-mode produces 2-D views of the heart (short or long
axis), allowing the assessment of cardiac chamber dimen-
sions, physiology, and visualization of cardiac anatomic
structure such as papillary muscle and valves. M-Mode
relies on a rapid succession of B-mode scans along a sin-
gle axis displayed over time to produce images that
appear as a continuous tracing, to indicate motion.

The introduction of Doppler technology to echocardi-
ography has revolutionized this technique. Doppler's gen-
eral principle in echocardiography is based upon
measuring the changes in the frequency of the backscat-
ter from the ultrasound beam signal produced from small
moving structures (ie, red blood cells, RBC). The change
in frequency is called the Doppler shift and the magni-
tude of the Doppler shift (in frequency) is proportional to
the velocity of blood cells. In contrast, the polarity of the
shift is determined by the direction of blood flow toward
(positive) or away from the transducer (negative).47
Doppler echocardiography is used to measure and assess
blood flow through the heart's chambers and valves.
Doppler echocardiography can thus detect abnormal
blood flow within the heart (or larger vasculature), which
may indicate a dysfunction of the heart's four valves or
walls.

Doppler echocardiography is presently the most pow-
erful tool for assessing cardiac function in chick embryos,
in vivo.’® Several studies described hemodynamic alter-
ation in the developing chick embryonic heart, and both
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TABLE 1 Evolution of blood flow velocity during embryonic developmental stages of chick using Doppler OCT Doppler ultrasound,

or p-PIV.
References System (mode) Stage
Hu and Clark*® Doppler (20 MHz) HH18
HH21
HH24
HH27
Broekhuizen et al.”® Doppler (20 MHz) HH20
HH24
HH27
HH29
HH31
HH35
Bharadwaj et al.>® Doppler (40 MHz) HH23
HH27
HH30
HH30
Nakazawa et al.*’ Doppler (20 MHz) HH21
Yalcin et al.>? Doppler (40 MHz) HH17
HH23
HH27
HH30
Yoshigi et al.'*® Doppler (20 MHz) HH24
Benslimane et al.*° Doppler HH26
Butcher et al.® Doppler HH21
Sharma et al.'* Doppler HH21
Davis et al.* Doppler OCT HH17
Stekelenburg-de Vos Pulsed Doppler meter HH17
etal.'*!
Clark and Hu’ Pulsed Doppler HH18
Davis et al.* Spectral Doppler velocimetry =~ HH17
Rugonyi et al.** Spectral domain OCT HH18
Yalcin'"’ Two-photon guided line HH24

scanning

Peak
Investigated region Velocity (cm/s) Conditions
Vitelline artery 0.26 Normal
0.39
0.61
1.13
Vitelline artery 2.01 Normal
2.61
4.50
491
7.01
8.25
Proximal 19.0 Normal
Distal 21.0
RVOFT 62.0
LVOFT 53.0
Vitelline artery 0.34 Normal
AV Canal 3.0 Normal
12.0
40.0
45.0
Vitelline artery 0.90 Normal
AV valve and OFT 44.2 Normal
AV canal 8.1/4.84 Normal/LAL
L-AV canal 38.3/30.4
R-AV canal 48.9/45.4
Vitelline artery 0.75/0.62 Normal/
hypoxic
Peripheral vessel 1 3.1 Normal
Right lateral vitelline 2.8 Normal
vein
Vitelline artery 2.6 Normal
Vitelline artery 1.55 Normal
Outflow tract 1.78 Normal
Vitelline artery 1.67 Laser ablation

Abbreviations: AV, atrioventricular; HH, Hamburger & Hamilton; LVOFT, left ventricular outflow tract; OCT, outflow tract; PIV, particle image velocimetry;

RVOFT, right ventricular outflow tract.

physiological and pathological conditions have been stud-
ied using Doppler echocardiography™®>" to resolve the
architecture and flow characteristics in the embryonic
chick AV canal and OFT.’>*® These systems have multi-
ple modalities including B-mode, M-mode, Doppler, color

flow and tissue strain that maximize the ability to

visualize and extract data from cardiac tissues in small
model organisms in vivo.>* Indeed, several Doppler echo-
cardiography (single mode) platforms mainly used for
rodent imaging were successfully applied to chick
embryo studies, thus providing a low-cost option for sim-
ple flow measurements.”® Combined with a pressure
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FIGURE 2

replicated from Benslimane et al.*

Doppler echocardiology for in vivo use in chick embryos. A, Doppler mode blood flow measurement principle. Source:
with permission. B, Avian ultrasonographic imaging setup. Top: Probe size relative to the egg (in ovo

imaging); bottom: cultured embryos ex ovo at the stage of HH 24 and 29. Source: replicated from McQuinn et al.>” with permission.

measurement technique, simultaneous flow signals can
be modeled together to collect a pressure-volume loop
data (PV loops).’*>°° However, applicable pressure mea-
surement techniques are largely invasive, thus limiting
the applicability of the pressure sensing techniques. Com-
mercial Doppler Echocardiography systems are available
with a typical minimum frequency of about 10 MHz. The
maximum frequencies are near 90 MHz; however, the
BFV is measured from 7.5 to 40 MHz (Table 1). There-
fore, graphical representations of flow must be obtained
using modalities that operate within range to produce
spectral data (waveforms). Depending on the Doppler
mode, spectral data are generated as per Equation (1)
with the probe positioned as shown in Figure 2A,B to
align with the flow direction.

0
Doppler frequency (Fd) =2-Ft- V- cos = rok (1)

The dynamic nature of the produced waveform indicates
BFV and reflects the elasticity of heart chambers and

blood vessels. Once positioned, these systems can be eas-
ily tuned to obtain waveforms that allow monitoring and
analysis of cardiac function.

1.2.1 | Doppler echocardiography for
measuring flow velocities in chick embryo

The ability to study BFV in embryos provides powerful
experimental tools to study the development of cardiac
function in small experimental animals and chick
embryos®”™ (Figure 3). We have investigated the AV
canal and OFT in several®*>>>* that highlight the efficacy
of Doppler echocardiography in chick embryos.

In these works, we measured the AV orifice diameter
and recorded peak velocity at the midline of the
valve.””®! We later measured the inflow velocity to the
AV and OFT canal for cultured chick embryos using
Doppler ultrasound (Visualsonics, Figures 4 and 5).°*
Importantly, in addition to providing a platform for
studying normal blood flow velocities in a developing
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FIGURE 3 Different stages of (HH 12, 21, and 23) BFV
waveform at various locations. Different ventricular phases during
one cardiac cycle (Areas I—passive filling; II—active filling, and
IITI—ejection phase; forward [F] and reverse [R] direction of flow).
Blue bars in the background indicate the closure time of the AV
cushions and the shaded green bars indicate the closure time of the
outflow cushions. Source: adapted from Oosterbaan et al.*® with
permission.

chick embryo at fine resolution, Doppler ultrasound also
allowed us to study the hemodynamics of CHDs modeled
in chicken heart through surgical interferences.’"*" For
example, recently, we demonstrated that surgical inter-
ference (left atrial ligation) affected hemodynamics and
induced clinically relevant cardiac disease morphol-
ogies.”® In a following study, we introduced a new surgi-
cal approach called right atrial ligation to study the

influence of right-side flow disturbance in chick embryo
heart development 15.

Several studies have demonstrated that abnormal
BFV patterns cause myocardial structural defects.”*>%
For example, hemodynamic overload alters OFT collagen
distribution during early embryonic development and
contributes to cardiac dysfunction (Figure 6).°* Hemody-
namic modification by changing blood flow through sur-
gical intervention has been well-demonstrated in the
chick embryo.®® These microsurgeries were performed on
embryonic 3-4 days, when the heart is most sensitive to
hemodynamic alterations.®® Another surgical technique
used in chick embryos is ligation of the vitelline veins to
reduce blood flow to the heart, and conotruncal banding
to narrow the OFT.®”®® Permanent obstruction of the
right lateral vitelline vein with a microchip causes alter-
ations in intracardiac blood flow velocities and eventually
results in specific cardiovascular malformations.®® Our
work has followed suit with development of left atrial
ligation (LAL) procedures that pair with measurement of
BFV in chick embryos.*>®>”® Such microsurgical tech-
niques clarify how morphological deviations in cardiovas-
cular development might cause aberrant hemodynamic
patterns that translate to cardiovascular dysfunction.

1.2.2 | Advantages/limitations

Doppler echocardiography imaging systems can rapidly
acquire images at 100 frames/s (Vevo2100's/Vevo3100's)
with ongoing improvements in sensitivity.” However,
Doppler echocardiography imaging systems are suscepti-
ble to high noise. Further, longer wave ultrasound pene-
trates deeply, with low resolution, whereas shorter
wavelengths have less penetration into tissues, with
higher resolution to resolve smaller objects. Thus, trade-
offs exist between achieving deep tissue penetration and
high sensitivity to resolve small structures and features in
the tissue. Thus, advancements that enhance spatial reso-
lution will increase our detection limit for assessing fine
details in these tiny, venerable model organisms.®'

1.3 | Doppler OCT

OCT is a form of interferometry that produces
micrometer-resolution images of optically scattering mate-
rials by interpreting the scattering of low coherence light
across different materials’* and is capable of penetrating
relatively deeply into tissues. In cardiology, OCT can be
used to image coronary arteries to determine their lumen
morphology and microstructure.”” Doppler OCT analysis
relies on detecting a phase shift in values between adjacent
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FIGURE 4 Ultrasound measurement of atrioventricular (AV) orifice diameter (panel left) and velocity (panel right) during different
stages. Right side panels are Doppler velocity measurements of different embryonic stages (Hamburger & Hamilton). A, 17; B, 23; C, 27;

and D, 30. AV canal velocity correlation with left atrial input velocity for stages. Source: acquired from Yalcin et a

in-depth OCT scans at each point, caused by the move-
ment of scattered light. The velocity component is quanti-
fied in the direction of the light beam.”* Thus, the pairing
of this methodology allows the calculation (and visualiza-
tion) of BFV with superior spatial and temporal resolution.
In cardiology, for example, OCT is used to image deep into
the heart tissue into coronary arteries to examine lumen
morphology and microstructure,”” and is applied in chick
embryology.”® In contrast to Doppler echocardiography,
OCT relies on light and natural optical properties of thin,
semi-transparent tissues and it provides far better resolu-
tion at 2 pm and adequate penetration depth, depending
on the tissue properties. Despite their differences in sensor
technologies, Doppler modalities and OCT can be paired
to simultaneously acquire Doppler images alongside struc-
tural OCT images.

1.3.1 | Doppler OCT for measuring flow
velocities in chick embryo

OCT has revolutionized live bioimaging in small organ-
isms largely because the technique is so effective for

1.2 with permission.

assessing functional morphology of tissues. Doppler OCT
is a powerful extension of OCT, for visualizing and mea-
suring blood flow.”* In a noteworthy study, Huber et al.,
revealed a new OCT technology (Fourier-domain OCT)
which includes spectrometer-based spectral-domain
OCT, enabling a leap in higher imaging resolution and
image quality.”>”® Recently, Jenkins et al., established an
application to study heart dynamics in four dimensions
in the chick embryo through high-speed OCT imaging.”’
In addition to structural imaging, OCT can be used for
Doppler analysis to obtain detailed velocity measure-
ments from moving structures with high resolution.”®
Such BFV data sets can be used to model dynamic blood
flow-related processes that occur during early embryonic
development” and to provide detailed depictions of flow
characteristics down to the capillary-level.** Rugonyi
et al. showed fine details of cardiovascular function using
spectral domain OCT to visualize and quantify blood flow
velocities in the chick embryo and changes in cardiac
wall motion under normal and altered hemodynamic
conditions,®' while Ma et al. demonstrated a new method
to quantify the absolute BFV in the early-stage OFT.*
Doppler OCT technology enables simultaneous
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FIGURE 5 Ultrasound measurement of stage-specific outflow tract (OFT) diameters (left panel) and OFT orifice flow profiles and (right

panel). Velocity recording at different embryonic (Hamburger & Hamilton) stages A, 16; B, 23-proximal; C, 27; D, 30-LVOFT; and E,
30-RVOFT. RVOFT, right ventricular outflow tract; LVOFT, left ventricular outflow tract. Source: adapted with permission from Bharadwaj

etal.>®

correlation of blood flow with the dynamic expansion
and contraction of the heart tube. Thus, investigators
with Davis et al., were able to acquire BFV from three
blood vessels in an HH17 chick embryo using in vivo
Doppler and 3D OCT techniques*® (Figure 7).

1.3.2 | Advantages/limitations

The most significant advantage of Doppler OCT is that
BFV measurements can be spatially and temporally
resolved and correlated with the 3D structure of the
embryo. Larina et al.,, demonstrated that embryo image
acquisition was performed at 512 A-scans (comprising
image 4-6 mm wide) per frame without averaging, which
resulted in the acquisition rate of 28 frames per second.*’
Such temporal resolution is at normal video frame rates
(25-30 fps.). In addition, increasing the frame rate can be
achieved in part by decreasing the A scans per frame,
which resulted in precisely viewing the field of interest.
Further, in a recent study, it was possible to acquire 4D

OCT images from embryonic Wdrl9 mutant mouse
hearts,* showing the possibility of 4D imaging in chick
embryo hearts. Noting the rapid advancements in com-
puting and imaging technologies, OCT has the potential
to become a valuable tool for studying developmental
physiology in small model organisms like chick and zeb-
rafish embryos. Further, OCT has been shown to have a
depth penetration of only a few millimeters preventing
working with older chick embryo heart scanning. Like-
wise, light penetration along the axial plane also poses a
barrier to enhancing spatial resolution.

1.4 | Micromagnetic resonance
imaging (LMRI)

p-MRI is a powerful technique that uses radio waves and
magnetic fields in for high resolution medical imaging.**
By monitoring the interaction between the magnetic field
and the spin of the atomic nuclei, p-MRI techniques are
capable of imaging fine structural details and has been
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Blood flow velocity (BFV) measurement by ultrasound imaging for outflow tract (OFT). A, Embryonic stage 24 chick heart

B-mode image (hatched white box). Blood flow were observed from the ventricle through OFT. BFV after OFT from control (B) and outflow
tract banding (OTB) to obstruct the flow of the OFT (C) Embryos. Peak OFT velocity marginally increased in OTB embryos (D). * P < 0.05
via t-test. The graph shows the diameter of the OFT vs BFV (E). Source: adapted from Rennie et al.** with permission.

applied for use in small model organism research. Car-
diovascular p-MRI allows non-invasive evaluation of the
function and structure of the cardiovascular system,85
and is used in the detection of cardiac diseases such as
CHDs,* valvular heart disease®”® and cardiomyopa-
thy.*°° Moreover, p-MRI can be used for diagnosing dis-
eases related to the structural defects in the aorta,
including aneurysms, coarctation, dissections, and for
analyzing the pulmonary veins.”"*°

Chick embryo p-MRI imaging was established in the
1980s when Bone et al. revealed the first three-
dimensional MRI image of a live chick embryos.”>®” The
technique was adapted as p-MRI and first used regularly
on small animals between 1994 and 1996 by Smith, John-
son and co-workers at Duke University.”®* Over a
decade later, Bain et al. used pMRI to non-invasively
monitor development and growth of individual organs,
including brain, liver, and heart, in the chick embryo,
starting at 12 days of incubation.'® More recently, others
have been able to apply this MRI technology to track
brain development in nearly histological serial sections,
in vivo (Figure 8)."”" Goodall et al. demonstrated well
how high-resolution p-MRI can measure subtle morpho-
logical changes following experimental manipulation of
eye development in the chick embryo. Their results dem-
onstrated that p-MRI is an essential tool for rapid and

sensitive characterizing normal chick ocular develop-
ment and morphology in experiments that examined the
potential effects of surgical or genetic manipulations of
chick embryo eyes in ovo.'° Indeed, the resolution and
applications suggest that this powerful technique can be
used for chick embryo cardiac research. Beyond high res-
olution imaging of soft tissues, flow p-MRI is a modality
used to measure blood flows, and was previously adapted
for imaging mouse embryos.'”*"'% Noting that the above
techniques described in this short review were all also
adapted from mouse embryo protocols, it is probable that
flow p-MRI techniques will be adapted for chick
embryos. Further improvements in technology and soft-
ware enhanced spatial resolution to enable investigators
to quantify several cardiac variables (in ovo).'**'%® Addi-
tionally, Herrmann et al., performed time of-flight MR
angiography imaging in chick embryos, but encountered
reduced blood flow and reported image acquisition diffi-
culties while using their cooling protocol.'”

14.1 | Advantages/limitations

MRI imaging provides enhanced soft-tissue contrast, 3D
anatomical information and high spatial resolution.
Investigators continue to show that pMRI is suitable for
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from Zhou et al.'°* with permission.

FIGURE 7 Blood flow
measuremnts from three
extraembryonic vessels using
optical coherence tomography
(OCT). A, OCT experimental
setup. B, location of measured
blood vessels. C, vessel

2 superimposed M-mode images
obtained from Doppler and OCT
scans. D, blood flow velocity
dynamics of three vessels. E,
velocity profiles (left) and Doppler
diameter, flow, and shear stress
measurement (right) for three

vessels. Source: replicated from
1.36

Davis et a

with permission.

p-MRI images of the chick embryo. A-D, day 9 embryos spin echo images (e, eye; h, heart; b, brain; 1, limb). Source: adapted
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the three-dimensional visualization of small structures,
in near real time.''® Indeed, reports continue to show
enhanced application for MRI technologies in research
diagnostic imaging.'*>''! However, any MRI technique is
limited by high equipment costs, and equipment avail-
ability'"? limiting its applicability.

1.5 | Microscopy techniques
Under magnification, blood flow can be visualized
through the (mostly) transparent embryonic vasculature
and cardiac structures. When successive images are
filmed as video, BFV in chick embryonic heart or blood
vessels can be calculated by first identifying the RBCs in
the images, then measuring the distance each RBC moves
between images in the video. Each RBC velocity is calcu-
lated as a distance per unit time, which equates to BFV.
This technique is commonly applied to measure micro-
scale velocity fields, and is known as microparticle image
velocimetry (p-PIV).'13 113

Chen et al. combined p-PIV with OCT to quantify the
blood flow in an arterial vessel in chick embryos.''® The
major advantage of combining these techniques is that it
provides accurate and in-depth flow assessment on
embryonic animal models and fills an essential gap in
quantitative microscopic velocimetry techniques. Line
scanning is more potent than classical p-PIV that is
applied with a confocal, two-photon, light sheet micro-
scope or with OCT to image into chick embryo heart.
The penetration depth is only a few mm, making it diffi-
cult to fully image the heart at depth, but we have used a
two-photon guided line scanning approach to measure
vitelline vessel blood velocities in HH24-HH25 stage
embryos with success.'”” Using this technique, we
showed flow distribution within the vitelline network fol-
lowing clotting one vessel within the network via non-
linear femtosecond laser photoablation."'” This technique

FIGURE 9 HHIS stage
Embryonic chick flow
assessment of arterial and
venous blood via OCT-pPIV
technique. A, two vessels
overlapping view. B and C,
depth resolved velocity fields
were calculated from two
vessels. Green outline is a
vessels boundary (A) and white
(B and C) solid lines. Source:
adapted from Chen et al.'*® with
permission.

uses a longitudinal line scan centered on RBCs in the
imaged vessels to capture fluorescent vessels. Each subse-
quent scan is displayed below the previous one, forming
a space-time image in which time increases from top to
bottom. As the non-fluorescent RBCs move, dark streaks
appear in the images. The velocity of RBCs is calculated
from the slopes of these dark lines, which is inversely
proportional to the slope of the lines.''” Further, Chen
et al. used OCT guided line scanning approach applied to
arterial blood vessels of the chick embryo''® (Figure 9).
These techniques continue to provide a promising tool
for monitoring disease progression in these small model
organisms.

1.5.1 | Advantages/limitations

The key advantages to p-PIV are better resolution and
measurement accuracy than other flow measurement
techniques, including, molecular tagging velocimetry and
microlaser Doppler velocimetry."'® Image quality is
another major limitation, mostly restricted in this appli-
cation by tissue opacity. Indeed, as pigment forms and
tissues thicken during development, imaging depth is fur-
ther reduced in the chick embryo. Indeed, we found that
the maximum working depth in the chick was near
1.8 mm, which precludes this application for embryos
older than HH27.''” PIV techniques are further labor
intensive since p-PIV workflow generally dictates that
images are acquired in the laboratory, then analyzed
later. However, the popularity and reliability of p-PIV
data resulted in commercial applications within several
microscopy software suites and led to opensource code
for ImageJ and other freeware resources. Unfortunately,
these software analyses are mostly slow and not ideal for
real-time flow measurement. Advances in microscopy
and image processing will soon allow these software-
based techniques for high-speed user-defined scans for
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near-simultaneous measurement of RBC velocity. Such
advances are concurrent with the high cost of research-
grade microscopy.

1.6 | Measurement of blood flow
velocities in chick embryo using different
techniques

The abovementioned techniques have been utilized to
measure blood flow velocities for different-stage embryos.
Below table summarizes overall, the BFV changes (HH12
to 31) during development that were measured with
Doppler OCT, Doppler ultrasound, or micro-PIV
(Table 1).

2 | MEASUREMENT OF BP

Since BP provides the driving force for blood flow, it is a
critical variable for cardiovascular health, techniques have
been developed to measure BP in popular model organ-
isms. However, conventional pressure measurement tech-
niques cannot accurately measure the small pressures in
the tiny blood vessels of the chick embryo. Sensitive piezo-
electric and optical manometer systems are commonly
adapted for use in the larger vasculature and heart in the
chick embryo. For smaller vessels, however, the-servo-null
technique must be used. for small vessels. for small vessels,
the servo-null technique must be used.

2.1 | Direct pressure measurement with
catheters

Direct pressure measurement via catheter is achieved by
connecting a fluid-filled catheter between the

vasculature and a pressure transducer (Figure 10). As
the pressure in the vasculature changes, the force is
transmitted through the catheter to a deformable mem-
brane in the transducer. The degree of deformation of
the membrane is measured using either a piezoelectric
or optical sensor that outputs a voltage signal propor-
tional to pressure within the vasculature. Catheters can
be hand pulled from polyethelene tubing to create
microcatheters for very small vessels. The sensors are
used in the microcatheter technique differ according to
the type of catheter used.'** The diaphragm in piezo-
electric sensors moves with the effect of pressure, and
this change creates a voltage difference in the crystal in
the sensor. The generated voltage is processed in the sig-
nal processing unit to determine the dynamic pressure
values. Piezoelectric sensors are sensitive to measuring
dynamic and slight changes in pressure but are not well
suited to monitor static pressure due to several issues
with the design that result in a leak, over time. The dia-
phragm structure of optical sensors used in microcath-
eters is similar to the ones in piezoelectric sensors.
Pressure is measured in optical sensors that monitor a
phase delay induced as the optical membrane deforms
from the effect of BP, unlike piezoelectric sensors that
report the voltage difference created by the force acting
on the membrane (Figure 10). Also, optical sensors are
not affected by electrical interference, do not conduct
electricity, and are rarely affected by temperature and
humidity, which causes signal deviation relative to pie-
zoelectric sensors.'*?

Several studies have used fluid-filled catheter pressure
measurement techniques in chicken embryos. Previous
studies measured chick embryonic arterial blood pressure
using small volume mechanical transducers.*"'** Investi-
gators modified techniques to access the smaller vessels
and measured the distal vitelline artery pressure using
analog signal processing to compensate for pressure
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FIGURE 11
measurement in the chick embryo. A,

Cardiac pressure
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embryo left vitelline artery. B,
Catheterization of an artery/vein of the
embryo after 7 days of incubation.
Source: adapted from Clark and Hu’ and
Girard* with permission.
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Catheter cardiac pressure measurement in chick embryo. A, mean arterial pressure in growing chick embryo.*® B,

schematic drawing of experiment setup used in manometer system.*> C, mean arterial pressure (kPa). WL, white Leghorn strain; Ply,

plymouth strain.*?

distortion from a miniature diameter glass pipette con-
nected to a mechanical pressure transducer.* Another
study investigated the ventricular pressure in relation to
intracapillary pressure in ED2 to ED7 chick embryos
(HH17-HH30)."** High ventricular pressure was recorded
for ED5 (HH26).*' Clark et al., measured aortic BP by

inserting a pipette into the HH21 stage chick embryos
(Figure 11A).”*!' As investigators became proficient in
these techniques, several demonstrated chronotropic sen-
sitivity effect to sympathetic stimulation on chick
embryos using the microcatheterization technique
(Figure 11B).*
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Importantly, Girard's landmark (1973) study used a
manometer system with thin glass catheters with an
outer diameter of 0.15-0.40 mm, somewhat thinner
than the arteries, to assess arterial BP in 600 leghorn
embryos aged 3-20 days and 65 chicks aged hatching
to 3 months. Figure 12A shows the mean arterial pres-
sure measurement results of 3-20 days for embryonic
and 3h to 3 months for the posthatch chick.*® Alti-
miras et al. conducted a similar study in which they
measured the arterial pressure of 9-21 days old Leg-
horn, 19-21 days old Plymouth embryos, and Plymouth
hatchlings using the manometer system, the experi-
mental diagram of which is shown in Figure 12B. The
mean arterial BP measurements of the embryos and
hatched chicks are demonstrated in Figure 12C.** In
addition to these studies, arterial'®>*?® and ventricular
pressures'>”'*®* were measured in chick embryos at
various day-old intervals using experimental settings
built with comparable thin glass catheters and manom-
eter devices.

2.2 | Indirect pressure measurement
using electrolyte solutions

Another approach to measuring BP in developing chick
embryo is the servo-null micropressure technique using
the 900A Micropressure System (World Precision Instru-
ments). The servo-null technique measurement princi-
ple is based on the maintenance and measurement of an
ion gradient within a glass microelectrode using electro-
physiological technique. The small microelectrode
(2Altimiras5 pm diameter) can be inserted into any
fluid-filled space to measure pressure. Once the micro-
electrode is prepared, the electrical resistance measured
at zero pressure is set as the null value. If the pressure
in the space (eg, artery) changes, the force exerted on
the microelectrode will offset the volume of electrolyte
fluid within the microelectrode, which is constantly
measured as electrical resistance. The 900A Micropres-
sure system will automatically counter the force in just
a few milliseconds, bringing the resistance back to its
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FIGURE 13

900A microelectrode pressure system and its principle. A, the 900A micropressure system includes the control unit, probe,

pressure pod, vacuum trap, and null detector. B, the circuit is complete when the reference electrode is immersed in the solution at the

measurement area, which is connected to the micropressure system. C, the probe is mounted on the micromanipulator and the tip is

advanced to the measurement site (chick embryo vitelline artery). D, The micropressure system uses a micropipette that is inserted in the

vasculature for the measurement of pressure.
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Optical coherence tomography (OCT) guided measurement of blood pressure (BP) and diameter of aortic arch (AAs) at the

stage of HH24. A, diameter of the AAIII (red line). B, changes in diameter of individual AAs (n = 10). C, BP measurement using OCT
guided microcapillary pipette. D, repeated pressure measurement (n = 10). Groups: control, CTB: conotruncal banding and CTBR

(conotruncal banding release). Source: replicated from Celik et al.'*?

null value, using external pressure and a vacuum
source, connected to a highly sensitive valving system.
The amount of offset required to bring the value back to
the null resistance is proportional to the pressure sensed
at the tip. As the system continually adjusts, the corre-
sponding voltage output is linear to the pressure
(Figure 13). Because the microelectrode tips can fit
inside compartments as small as a cell, measurements
can be carefully taken from even the smallest vascula-
ture and often without inflicting considerable damage.
The servo-null micropressure technique has been
used to measure vascular pressure in developing chick
embryos as well as for embryos surgically manipulated to
induce disturbed hemodynamics.®>'* Previous studies
measured pressure with respect to disturbed mechanical
loading within an individual aortic arch (AA), due to dis-
tortion of the OFT angle and growth of AA IV to

with permission.

illustrate how alteration of wall stress, pressure and
hemodynamic forces result in changes indicative of
CHD."** Recently, Celik et al, simultaneously measured
AA diameter using OCT guided technique while also
measuring BP using the servo-null system in HH24 chick
embryos™*® (Figure 14). Further, Sharma et al., measured
simultaneous dorsal aortic BP and dorsal aortic blood
velocity with a servo-null instrument (model 900A, WPT)
mounted near the sinus venous, while imaging the dorsal
aortic diameter.'** Nakazawa et al.,'*> Clark et al.,}3%137
and Lucitti et al.°” measured the arterial BP of chick
embryos at different incubation days using the servo-null
micropressure device. Nakazawa et al. in their study
observed that heart rate, mean vitelline artery pressure,
and mean dorsal aortic pressure shown in Figure 15 to
increase with increased incubation time and temperature.
In the meantime, Clark et al. investigated the effect of
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Stage 34.7°C 31.1°C 3.1°C 34.1°C

Heart rate (bpm) 18 151+6 108 =5 107 + 4 126 +3

21 154 £ 4 [1+3 109 +6 134+ 5

24 169 £ 3 126 +3 1273 146 + 3
Mean vitelline artery pressure (mm Hg) 18 0.69 + 0.05 0.60 + 0.05 0.52 +0.04 0.75 % 0.06
21 0.82 +0.03 0.72 £ 0.03 0.66 = 0.05 0.87 = 0.06
24 1.05 £ 0.04 0.86 + 0.07 0.93 +0.04 1.24 £ 0.06
Mean dorsal aortic blood flow (mm?/s) 18 0.32 £ 0.02 0.21 +£0.02 0.24 +0.02 0.31 £0.01
21 0.49 £ 0.02 0.33 +£0.02 0.34 £ 0.02 0.47 + 0.02
24 0.74 £ 0.04 0.43 +0.03 0.53 £ 0.04 0.74 + 0.04
Vascular resistance (mm Hg/mm?/s) (X + 18 2.18 £0.43 3.00 £ 0.86 222 £0.53 2.44 £0.53
95% confidence interval) 21 1.68 +0.19 2.23 £0.39 1.98 £ 0.42 1.86 = 0.32
24 1.44 +£0.23 2.04 + 0.45 1.81 +£0.37 1.71 £0.30

FIGURE 15

Heart rate, mean vitelline artery pressure, mean dorsal aortic blood flow, and vascular resistance measurement at each

environmental temperature. Source: replicated from Nakazawa et al.'*® with permission.
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FIGURE 16 Measured ventricular phasic pressure and rate of
pressure development (dP/dt). Source: replicated from Clark
et al."*” with permission.

arterial pressure on ventricular function and growth by
using microsurgical ligation techniques, which acutely
alter the arterial flow or arterial resistance (Figure 16)."*’
Overall, both direct and indirect techniques to measure
BP in embryos built a foundation on the development of
BP in the chick embryo (Table 2).

2.3 | Measurement of BP in chick
embryo using different techniques

The abovementioned techniques have been utilized to
measure BP for developing chick embryos. The below
table summarizes, the BP changes (HH18 to 27) during
development that were measured with direct and indirect
methods.

3 | SUMMARY AND OUTLOOK

The embryonic chick is a powerful animal model to
study hemodynamic (blood flow, pressure) and develop-
mental physiological changes during cardiac develop-
ment and morphogenesis. Experimental induction of
developmental cardiac defects, inducing hemodynamic
alterations for embryonic chick can be achieved either
surgically or chemically. These interventions predictably
alter BP and flow velocities which can be measured via
several complimentary methods. Most used applications
for the chick embryo include Doppler Echocardiography
and Doppler OCT for blood flow and catheter and servo
null based systems for pressure measurements. While
traditional techniques are beneficial, new approaches
for cardiac physiology monitoring will advance chick
embryo investigations significantly. For example, flow
MRI has been shown to be very powerful in lager ani-
mal models such as mice but has not been utilized very
commonly in the chick embryo due to the still high cost
of MRI and related equipment. On the other hand, cur-
rent pressure measurement systems such as catheter-
based and servo-null micropressure systems are compli-
cated and comparably invasive, and PIV systems are
hindered by processing power. Hence there is a lot of
room for improvement in physiological research in
small, alternative (non-mammalian) model organisms.
Conventional techniques have advantages and disad-
vantages, and proper technique needs to be selected for
the specific application. Here we posit that modification
of existing technologies has led to a considerable toolkit
for investigating the hemodynamic development of the
cardiovascular system in chicken embryos. The authors
fully expect additional technologies to be applied to
accommodate high throughput analysis of physiological
phenotypes in experimental systems.
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TABLE 2
(microcatheter), cannulation, and microscopic techniques.

References Stage Technique
Girard® HH18 Microcatheterization
Van Mierop and HH20 Cannulation
Bertuch*!
Clark and Hu’ HH20 Direct puncture
HH26 Direct puncture
Cheanvechai HH24 Directly inserted
etal.'*®
Rennie et al.** HH18 Direct
Shi et al.™** HH18 Direct
HH24 Direct
HH27 Direct

McQuinn et al.”’ HH24

Stekelenburg-de HH24-HH24  Stereomicroscopy and 900A
Vos et al.'*!
Shi et al.'* HH18 Directly inserted

Abbreviations: HH, Hamburger & Hamilton; OFT, outflow tract.
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