
Measurement of strain and strain rate in embryonic chick heart
in vivo using spectral domain optical coherence tomography

Peng Li,
Department of Bioengineering, University of Washington, Seattle, WA 98195, USA

Xin Yin,
Department of Biomedical Engineering, Oregon Health & Science University, Portland, OR
97239, USA

Liang Shi,
Department of Biomedical Engineering, Oregon Health & Science University, Portland, OR
97239, USA

Aiping Liu,
Department of Biomedical Engineering, Oregon Health & Science University, Portland, OR
97239, USA

Sandra Rugonyi, and
Department of Biomedical Engineering, Oregon Health & Science University, Portland, OR
97239, USA

Ruikang K Wang
Department of Bioengineering, University of Washington, Seattle, WA 98195, USA
Ruikang K Wang: wangrk@uw.edu

Abstract
The ability to measure in vivo strain and strain rate in embryonic chick heart is one of the key
requirements for understanding the mechanisms of cardiac development. Due to its high temporal
and spatial resolution as well as its fast imaging capability, optical coherence tomography (OCT)
has the potential to reveal the complex myocardial activity in the living chick heart. We describe a
method to evaluate the in vivo strain and strain rate of the myocardium through analyzing the
periodic variation of the myocardial wall thickness calculated from real time serial OCT images.
The results demonstrate that OCT can be a useful tool to describe the biomechanical
characteristics of the embryonic heart.

Index Terms
Optical coherence tomography; Medical and biological imaging; Cardiac development;
Myocardial strain; Embryonic chick heart

I. Introduction
Cardiac development depends on a dynamic interaction of genetic and environmental factors
[1–4]. During the process, the genes determine the generation of the basic elements, such as
cells, extracellular matrix, adhesion molecules, and how these basic elements are assembled
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into a properly functional heart. However, this process is also modulated and influenced by
the local biomechanical environment to which cardiac cells are exposed. Thus, in order to
fully understand the mechanisms of cardiac development, it is necessary to know the
mechanical characteristics of the embryonic heart.

Usually, stress and strain are employed to quantitatively outline the biomechanical
environment. Correspondingly, a number of technologies have been developed to measure
them in the embryonic heart. The wall shear stress can be determined by calculating velocity
gradients of blood flow in a direction perpendicular to the wall [5, 6]. Wall stress, however,
is difficult to measure directly, and is frequently estimated using measured intracardiac
pressure and cardiac wall thickness [7]. Comparatively speaking, the myocardial wall strain
can be determined reliably from images. Once the strain is known, stress can be studied via
strain-stress relationships.

In order to study how the epicardial strains vary with heart development, Taber et al.
measured ventricular (surface) strains in embryonic chicks from stage HH16 to HH24 by
tracking the motion of microsphere triangular arrays that were placed on the myocardial
surface in the embryonic heart [8]. Similar methods were employed to study the
developmental and functional mechanisms during looping by determining the regional
myocardial wall strains in embryonic chick [9, 10]. In a later work, optical coherence
tomography was used to obtain the three-dimensional (3D) structure of embryonic chick
heart, from which the positions of marker-arrays were tracked [10]. In a mature heart, 3D
myocardial wall strain can be determined by tracking the motion of myocardial markers
[11–13]. However, as to the embryonic heart, only the 2D myocardial strains can be
obtained by this kind of method, and it is impossible to obtain the radial strain (wall
thickening and thinning) due to small dimensions of the developing myocardial wall.

The myocardial wall deformation can also be calculated by means of 3D imaging [14–16].
However, in the past, there was no imaging technique available that could provide real-time
in vivo visualization of the internal microstructure and its associated dynamic motion in the
embryonic chick heart at high resolution. Magnetic resonance imaging is currently not
capable of real-time imaging. Ultrasound techniques can realize real-time acquisition in the
mature heart [15, 16], but it is difficult, if not impossible, to be applied to the early
embryonic heart mostly due to its relatively low spatial resolution. Additionally, confocal
microscopy provides high resolution images, but it cannot penetrate the entire embryonic
chick heart.

Optical coherence tomography (OCT) is a powerful, noninvasive imaging technique with
high temporal and spatial resolution with an imaging depth of up to 2 mm in highly
scattering biological tissue [17, 18]. This attribute makes OCT uniquely suited for the study
of the embryonic heart at its early developmental stages [5, 10, 19–25]. OCT has been
demonstrated in a number of embryonic models, such as Rana pipiens tadpole [26], Xenopus
laevis [27], zebrafish [28], chick [20, 29], and mouse [30, 31]. Briefly, the OCT imaging of
the embryonic heart can be classified into two categories: 1) morphological imaging: due to
the constant improvement of OCT system imaging speed over the time, it has been evolved
from the 2D cross sectional imaging [20, 26, 27] to 3D [29–31] and even 4D (3D volume
over time) volumetric imaging [23, 24, 32] to better understand the morphological
dynamics; 2) functional imaging: as an extension of OCT, Doppler OCT enables the
hemodynamic study in embryonic heart [5, 19, 22, 31, 33, 34], such as monitoring of the
blood flow velocity [5, 21, 31], shear rate [22], and shear stress [33, 34].

In this study, we describe a method to measure in vivo the radial strain of the myocardial
wall in the early embryonic chick heart using spectral domain OCT technology. Specifically,
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because of its high imaging speed, we demonstrate that OCT is able to resolve the motion of
the myocardial wall as a function of time. The high spatial resolution of OCT enables us to
calculate the dynamic variation of the wall thickness with high precision by tracing the
borders of myocardial wall from serial OCT images, from which the radial velocity, radial
strain and strain rate of myocardial wall are deduced.

II. Material and Methods
A. Chick Embryo Preparation

Following standard procedures of embryo preparation [35–37], fertilized white Leghorn
chick eggs were incubated blunt-end up at 38 °C and 85% humidity in a horizontal rotation
incubator to the desired developmental stage, HH18, which is about 3 days of incubation
following Hamburger-Hamilton staging [38]. At this early stage of development, the chick
heart is tubular and has no valves; the outflow tract (OFT) is the distal region of the
embryonic heart—connecting the ventricle with the arterial system—and functions as a
primitive valve by contracting to limit blood flow regurgitation. The OFT is a crucial cardiac
segment subjected to numerous studies because a large portion of congenital heart defects
originate in the OFT [39].

To expose the embryonic heart, the egg shell was opened at the air sac end, and a small
section of the inner shell membrane was carefully removed. Then the egg was placed into
the OCT sample arm for in vivo imaging, with the probing light access from the top. In
order to maintain a constant temperature of 37.5°C during the data acquisition, a home-built
organic glass box equipped with a heating blanket was used to house the egg under the
sample arm. The constant temperature control in the housing box was achieved by an
automatic feedback system that employed a small thermocouple, placed near the embryo, to
provide the control of the temperature of the heating blanket in real time.

B. OCT System Setup
All experiments were performed on an OCT system (see Fig. 1), specifically designed for
chick embryo imaging. The system was based on a spectral domain configuration,
employing a fast InGaAs line scan camera operating at a 47 kHz A-scan rate. In the system,
a broadband superluminescent diode (SLD) (central wavelength λ0=1321.5 nm, bandwidth
Δλ=52 nm) was used as the low-coherent light source, yielding ~14 μm axial resolution in
air. The emitted radiation from SLD was coupled into a fiber-based Michelson
interferometer via a broadband optical circulator. In the sample arm, the light was focused
onto the sample by an objective lens (focal length f=50 mm), providing a measured lateral
resolution at ~16 μm. And the probe beam scanning was realized by an X-Y galvanometer
scanner in this arm. The interference signal was routed into a home-built spectrometer via
the optical circulator. The spectrometer had a designed spectral resolution of ~0.088 nm,
providing a detectable depth range of ~4.6 mm. With these configurations, the signal to
noise ratio of the system was measured at ~105 dB with a light power of ~3 mW on the
sample.

The B scan, i.e., X direction scan, was achieved by the X-scanner driven with a saw tooth
function. During one lateral B-scan cycle, 256 axial A-lines were acquired to cover ~1.1 mm
on the chick embryo heart. The overlap between adjacent two A-scans was about 75%
(lateral diameter of sampling light focus point was ~16 um). With the camera running at 47
kHz A-scan rate, the acquisition rate for B-scan frames was 140 frames per second (fps).
200 repeated B-scans were acquired as the M-scan, i.e. M-B scan mode, covering 3–4
cardiac periods of the beating heart, from which the velocity, strain and strain rate of the
myocardium were calculated.
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C. Image Analysis
With the OCT imaging as described above, 200 sequential 2D cross-sectional images at the
same location, i.e., M-B scans representing a 3D data cube, were acquired from the beating
embryonic chick heart, from which the myocardium was identified. In order to better
illustrate the motion of the myocardial wall during each cardiac beat, M-mode images at the
selected lines passing through the center of the lumen were used to evaluate the dynamic
wall thickness via post-processing of the M-B scan dataset. As we know, the cardiac jelly is
a layer of extracellular matrix unevenly distributed between the lumen and myocardium, and
the lumen has a slit-shaped cross-section when the OFT is most contracted [20]. Thus, we
used the slit-shaped cross-section as a reference to extract the M-mode images at the
selected lines from the 3D data cube. In order to consider the influence of the cardiac jelly
on the deformation of the myocardial wall, we investigated the M-mode images along two
distinct lines (1 and 2) passing through the center of the lumen, respectively, one oriented at
the position nearly parallel to and the other perpendicular to the slit-shaped lumen when the
OFT is most contracted. This treatment ensures that the velocity, strain and strain rate
calculated (see below) represent the radial wall motion.

To extract the wall thickness from the M-mode images, we developed a semi-automatic
program in MATLAB. The flow chart of the program is illustrated in Fig. 2. First, the
myocardial wall border lines in the M-mode structural images were found. The program
then required a user to manually select several points as the seeds along the myocardial wall,
and then interpolate between these points to give the whole border trace [40]. Once the outer
and inner borders of myocardial wall were obtained, the myocardial wall thickness and
mean radial velocity versus time can be determined via a subtraction and gradient operation,
respectively. It should be noted that the mean radial velocity discussed here is half the sum
of the radial velocities of outer and inner borders. In order to reduce the errors due to the
manual selection of the seeding points and the drift of OFT over time during the acquisition
of dataset (because of the pulsed blood flow), the border extraction procedure was repeated
8 times for averaging.

The deformation of myocardial wall is quantified using the natural strain, ε(t) [41]. Here, we
focused on the radial component of strain and strain rate, thus only the change of wall
thickness T needs to be calculated. If dt denotes an infinitesimal time interval, then dε(t) can
be defined as the infinitesimal amount of change in thickness during this time interval,
relative to the thickness at a previous time instance:

(1)

where T(t) is the wall thickness at the time t. The total amount of natural strain ε(t) over the
time t can then be obtained by integrating dε(t):

(2)

According to Eqs. (1) and (2), the calculated natural strain values should be zero at the time
t0 and at the time instants when the wall has the same thickness as at the time t0. This kind
of result might give the impression that the wall shape at time t0 was considered as its
original shape. However, because the heart muscle returns to its original shape at the phase
when OFT is most expanded, it is usually assumed that the strain value at this time instant is
zero [8, 9]. During imaging, it is difficult to ascertain that the beginning time t0 is exactly at
the time when OFT is most expanded. Thus, a constant compensation is required to make
the strain at the OFT most expanded phase to return to zero.
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Strain rate ε′ is defined as the speed at which the strain occurs [41]. For the myocardial
thickness, it can be written as:

(3)

where T ′(t) is the rate of change of thickness, which can be obtained via a gradient
operation with respect to the time t.

III. Results and Discussion
The cross section of the embryonic chick OFT and M-mode structural images along lines 1
and 2 are shown in Fig. 3. The microstructures within the OFT wall, e.g., OFT lumen,
cardiac jelly and myocardium, can be distinctly identified from the cross-sectional images
(Fig. 3a). When the OFT is most contracted, lumen has a slit-shaped cross-section. The
cardiac jelly has an uneven distribution, which may result from the requirement that the
developing heart needs to optimize the mechanical efficiency of peristaltic blood pump [20].
The myocardium is the outmost layer of the OFT, which actively contracts. As illustrated in
Figs. 3b and 3c, the M-mode images clearly revealed the periodic variation of the
myocardial thickness as a function of time during the cardiac cycle. We find that the two
walls, either in Fig. 3b (above and beneath the lumen) or in Fig. 3c (right and left of the
lumen), expand and extract at the same time, thus it is reasonable to assume that this cross-
section is almost perpendicular to the myocardial wall.

From Fig. 4, it is seen that the myocardial outer and inner borders were respectively
extracted with the program described above. However, the absorption of the blood strongly
attenuates the OCT signal, making it difficult to extract the borders beneath the lumen (see
Fig. 4a). However, we find that the motion of the two walls, either in Fig. 4a or in Fig. 4b,
have no significant difference. For this reason, we just selected one of the two walls for each
case to calculate the strain and strain rate.

The strain and strain rate of the myocardial wall were plotted versus time in Fig. 5. The
myocardial wall thickness and mean radial velocity (i.e. the velocity at which the
myocardium expands and contract in the radial direction) were also included in the figure.
Note that the extracted myocardial wall thickness was normalized according to its maximum
value (Fig. 5a). It was found that all these curves vary periodically with time. In addition, for
each parameter, the curves along the line 1 and line 2 have a similar trend.

As shown in the mean velocity curves (Fig. 5b), the intersection points between the curves
and the lines marked at ‘velocity=0’ point out the time when the OFT is most contracted or
expanded. A small phase shift (time delay) between the two curves, i.e., evaluated from lines
1 and 2, respectively, was found. This phase shift might appear because the imaged cross-
section might not be perpendicular to the wall. Also, image noise and errors in the tracing of
wall motions might contribute to this phase lag.

As to the strain calculation (Fig. 5c), although the natural strain along line 2 seems a little
lower than the strain along line 1, this is within the errors introduced by image noise and the
tracing method, and thus we may conclude that the myocardial wall deformations along the
two lines show the same scale. However, their deformations are not at the same rhythm, as
shown in the strain rate calculation (Fig. 5d). Most likely due to the movement of jelly, the
valley of strain curve along the line 2 sometimes does not locate at the time when OFT is
most expanded.
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Because of the lack of related published data about the radial strain (wall thickening and
thinning) and strain rate of HH18 chick OFT, it is difficult for us to compare our results with
the other approaches. Taber et al. reported that the primitive right ventricle of HH18 chick
has a circumferential strain 10%–15% and longitudinal strain 15%–20% at the end-diastole
[8]. Additionally, Fleming et al. reported the highest strain rate 5–10 s−1 for the mature left-
ventricle posterior wall during the cardiac beat by color Doppler imaging [42]. To our
knowledge, no other work reported radial strains in the chick developing heart.

With the OCT M-mode structural imaging technique, physical parameters, such as mean
radial velocity, radial strain and strain rate, of the myocardial wall were extracted. However,
the technique requires the image segmentation to trace the borders of the myocardial wall,
and the border extraction is mainly based on the magnitude signal of OCT, which is
inevitably influenced by the OCT system noise and spatial resolution. In order to determine
the strain rate via the temporal gradient operation, which is very sensitive to noise,
considerable attention should be paid to make the trace as smooth as possible. Further effort
is needed in this regard, to improve the accuracy of the technique by suppressing the noise
and segmentation errors.

It was found that the M-mode structural imaging technique actually characterizes the axial
deformation of the myocardial wall, which is the component along the probing light axis.
Thus the estimated values of myocardial wall deformation are angle dependent. In order to
get the radial component, effort should be paid to make the probing light perpendicular to
the myocardial wall during the acquisition of the datasets. This process is also user-
dependent. Fortunately, although the amplitude of the deformation is influenced by the
direction of probing light, it does not have a significant impact on the profiles of the strain
curves, provided that the angle between the direction of probing light and radial direction of
wall deformation does not change greatly during the imaging.

In the current study, only the radial deformation (wall thickening and thinning) is estimated
by the M-mode structural imaging technique. However, it serves as an important
complement to the 2D surface deformation measurement by tracking the motion of
microsphere triangular arrays [8–10]. In fact, this technique has the potential to determine all
the three components of deformation, namely radial, longitudinal and circumferential
component, by 4D (3D volumetric data + time) imaging technique. In our future work, we
plan to calculate the tangent plane of the myocardium from the 4D datasets, upon which the
angle between the probe beam direction and the axis of three deformation components will
be deduced to obtain the 3D deformation characteristics of the beating embryonic chick
heart. Because there exists a relation between stress and strain, once the 3D deformation is
known, it may be possible to provide a means to characterize the stress of the myocardial
wall, and thus more completely characterize the biomechanical environment.

IV. Conclusion
The strain and strain rate measurement of embryonic chick heart is a meaningful approach in
the investigations of cardiac development. In this study, we have presented a method to
measure in vivo the strain and strain rate of myocardial wall that occurs in the embryonic
chick heart during each cardiac beat by using the high resolution and high speed OCT as an
enabling tool. To our knowledge, this is the first time that the radial strain in embryonic
chick heart was measured in vivo. This ability would represent a significant complement to
the 2D surface strain measurement for further understanding the mechanical characteristics
of the primitive heart. Furthermore, the OCT imaging technique has the potential to be
extended to 3D strain and strain rate measurements.
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Fig. 1.
Schematic of a spectral-domain OCT system
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Fig. 2.
Flow chart of myocardial border extraction: Extract M-mode image (b) from M-B scan
dataset (a) at the selected red line; Give several seed points as shown in (c); Interpolate
between these points and give the whole trace (d). The scale bars in (a) and the vertical scale
bars in (b) (c) and (d) represent 200μm; the lateral scale bars in (b) (c) and (d) represent
0.2s.
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Fig. 3.
OCT images of HH18 chick OFT. Left: (a) Typical cross-sectional image when the OFT is
most constricted. Right: M-mode images along the (b) line 1 and (c) line 2. M: myocardium;
C: cardiac jelly; L: lumen; MC: OFT is most contracted; ME: OFT is most expanded. The
scale bars in (a) and the vertical scale bars in (b) and (c) represent 200μm; the lateral scale
bars in (b) and (c) represent 0.2s.
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Fig. 4.
Extraction of myocardial border lines of embryonic chick heart along the (a) line 1 and (b)
line 2. The vertical scale bars represent 200μm; the lateral scale bars represent 0.2s.
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Fig. 5.
Normalized thickness, mean velocity, radial strain and strain rate of HH18 chick OFT
extracted from the OCT M-mode imaging along the line 1 and line 2. The vertical dash-dot
lines show the cardiac phases, E: expansion; C: contraction.
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