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Abstract: Chick embryos are an important animal model for biomedical 
studies. The visualization of chick embryos, however, is limited mostly to 
postmortem sectional imaging methods. In this work, we present a dual 
modality optical imaging system that combines swept-source optical 
coherence tomography and whole-body photoacoustic tomography, and 
apply it to image chick embryos at three different development stages. The 
explanted chick embryos were imaged in toto with complementary contrast 
from both optical scattering and optical absorption. The results serve as a 
prelude to the use of the dual modality system in longitudinal whole-body 
monitoring of chick embryos in ovo. 

©2014 Optical Society of America 

OCIS codes: (170.4500) Optical coherence tomography; (170.5120) Photoacoustic imaging; 
(170.3880) Medical and biological imaging. 
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1. Introduction 

The chick embryo has been studied since the time of Aristotle [1]. Over the centuries, it has 
gradually been established as an important model organism, extensively used in 
developmental and cancer biology. This is due to its biological similarity to humans [1], the 
accessibility of the embryo for in vivo surgery and experiments, and because direct in ovo 
studies of developing embryos can be accomplished with the aid of relatively simple optical 
settings. The natural immunodeficiency of chick embryos makes them especially amenable 
for tumor xenografting in their vascular chorioallantoic membrane (CAM), which serves as a 
valuable model for tumor angiogenesis, and this procedure is relatively easy and well 
established [1, 2]. In developmental biology, the chick embryo also offers a platform for 
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investigating the effects physical alterations of embryonic structures have on morphogenesis 
and on developmental success of the embryo, which provides a unique opportunity for 
studying the mechanisms underlying cardiovascular remodeling and the genesis of 
cardiovascular malformations. While the protocol for imaging the CAM on the surface of the 
culture is relatively straightforward, visualizing the organ systems – especially the vasculature 
of older embryos – without destroying the integrity of the embryo remains a challenge. 

Efforts have been made to use laser speckle imaging (LSI) for noninvasive detection of 
the vasculature of chick embryos in early stages of incubation [3], but the achievable 
resolution makes LSI more a method for the selection and exclusion of unfertilized eggs than 
a way to visualize the blood vessels in embryos. Holographic interference was also used to 
monitor the intact egg shell as an indication of embryo behavior [4], but this method was not 
able to visualize embryonic organs or tissues. Magnetic resonance (MR) microscopy [5] and 
micro-magnetic resonance imaging (µMRI) [6] provided images of major structures and 
organs of avian embryos. The hours-long data acquisition time, the relatively low resolution 
and the lack of contrast for hemoglobin, however, make it suboptimal. Other imaging 
methods, such as conventional and advanced histology, surface imaging microscopy (SIM) 
[7], high resolution episcopic microscopy (HREM) [8], optical projection tomography (OPT) 
[9] and light sheet microscopy [10, 11], can show minute structures and volume displays of 
chick embryos, but are inherently destructive. They either require mechanical sectioning of 
sacrificed and fixed embryos and the use of exogenous contrast agents to distinguish the 
embryonic tissues and organs, or require harvested embryos and lengthy imaging sessions. 
Multiphoton microscopy and time-lapse confocal microscopy [12, 13] have also been used for 
chick embryo imaging. Although cellular level information may be retrieved and in vivo 
studies can be performed for cultured tissues, both methods are highly limited in imaging 
depth, preventing them for whole-body use. 

Optical coherence tomography (OCT) which has high resolution and rapid acquisition 
speed, was successfully applied to image the chick heart in vivo by gating the imaging cycles 
using laser Doppler velocimetry (LDV) [14]. The results demonstrated the potential of OCT 
for monitoring cardiac defects in chick embryos using morphological information based on 
optical scattering properties of tissues. Photoacoustic microscopy (PAM), with hemoglobin as 
an endogenous contrast mechanism, was used to measure the microvasculature density on the 
CAM as a tool for angiogenesis inhibitor evaluation [15]. Since OCT image contrast 
originates from the differences in the optical scattering [16], and photoacoustic image contrast 
is derived from the absorption of chromophores such as hemoglobin [17], dual modality 
OCT/photoacoustic imaging systems can provide co-registered, complementary information 
from biological samples with vasculature visualized by photoacoustic imaging and 
morphology provided by OCT [18]. For whole-body imaging on the order of cubic 
centimeters, photoacoustic tomography (PAT) provides deeper penetration depth than PAM. 
A planar-view PAT system based on a Fabry-Perot interferometric polymer film detector is of 
particular interest because of its simplicity of sample positioning and unique optical detection 
mechanisms [19]. Previous studies have demonstrated optical detection PAT for in utero 
mouse embryo imaging, where a penetration depth of beyond 6 mm was achieved with high 
resolution [20]. The combination of such a PAT system with a spectral domain OCT (SD-
OCT) system was designed for morphological skin imaging and was used to image murine 
and human skin [21]. With the development of swept-source technologies, swept-source OCT 
(SS-OCT) offers the possibilities of higher acquisition speed, less sensitivity roll-off as well 
as the potential for extended imaging depth and speckle resolution [22]. Considering these 
features, a design combining an SS-OCT system with an optical detection PAT system was 
presented [23] while the performance and application of it were yet not adequately explored. 

In this paper, we present a dual modality optical coherence and whole-body photoacoustic 
tomography system featuring a 1060 nm SS-OCT sub-system and an optical detection PAT 
sub-system for its application in chick embryo imaging. With improved resolution compared 
to the standalone system presented in [24] and the possibility to co-register the OCT and PAT 
images, embryos at three normal developmental stages were imaged by the dual modality 
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system. The three development stages imaged span from stage 21 to stage 29 according to the 
Hamburger & Hamilton (HH) criterion [25], representing a broadband morphological and 
cardiac development from embryo day 3.5 till day 6. After the dual modality imaging, the 
samples were prepared for HREM, which served as a structural reference for OCT/PAT 
whole-body chick embryo imaging. 

2. Materials and methods 

2.1 Dual modality OCT/PAT system 

The schematic of the system is given in Fig. 1. The whole system consists of three major 
parts: the shared unit for 2D sample arm scanning in OCT and interrogation laser beam 
scanning in PAT, the SS-OCT unit employing a 1060 nm swept source (SSOCT-1060, Axsun 
Technologies, U.S.) and the optical detection PAT unit. The OCT swept source had a 
bandwidth of 120 nm and a sweep repetition rate of 100 kHz. The OCT sample arm power 
incident upon the embryos was measured to be 3.4 mW. The lateral and axial resolutions 
were experimentally determined by imaging a resolution target and a specular surface to be 
20 µm and 5 µm, respectively in air. By using a neutral density filter mimicking soft tissue in 
the sample arm, a sensitivity of 94 dB was achieved by calculating the signal to noise ratio of 
the reconstructed image. The first dual balanced detector (DBD) and the free space Michelson 
interferometer were used for wavelength resampling. The working principle of optical 
detection PAT system can be found in [26]. To be succinct, the output of a 50 Hz optical 
parametric oscillator (OPO) (VersaScan/BB/HE, GWU-Lasertechnik Vertriebsges.mbH, 
Germany) pumped at 355 nm (Quanta-Ray Pro270-50, Spectra-Physics, U.S.) was coupled 
into two multimode fibers, one for signal output and the other for idler output. A CW laser 
operating in the telecom range was used to interrogate the Fabry-Perot interferometric 
polymer film sensor enabled by 2D scanning of a pair of galvanometer scanning mirrors 
(6210H, Cambridge Technology, U.S.). The passband of the polymer film sensor permits 
backward transmission of excitation above 600 nm, while the interrogation beam is reflected 
and fed into a customized transimpedance amplifier. When a photoacoustic pulse propagates 
to the polymer film sensor, the deformation caused by the acoustic pressure can be assumed 
to linearly modulate the reflected intensity of the interrogation beam. By synchronously 
scanning the interrogation beam over the polymer film sensor, 3D photoacoustic images can 
be formed using the time reversal algorithm provided in the k-wave toolbox [27] in which 
every detected pulse on the sensor is back-propagated in time to form the pressure source 
from which it originates. The lateral and axial resolutions of the PAT system were 
experimentally measured to be 79 µm and 42 µm, respectively. To measure the resolutions, a 
1951 USAF resolution target (Edmund Optics Inc., U.S.) was placed 4.9 mm above the sensor 
with distilled water as the acoustic couplant. Backward illumination onto the chrome coating 
of the resolution target induced photoacoustic signals. After reconstruction with no 
upsampling of the raw data, the resolutions were acquired by calculating the line spread 
functions. 

#212561 - $15.00 USD Received 22 May 2014; revised 20 Aug 2014; accepted 21 Aug 2014; published 25 Aug 2014
(C) 2014 OSA 1 September 2014 | Vol. 5,  No. 9 | DOI:10.1364/BOE.5.003150 | BIOMEDICAL OPTICS EXPRESS  3153



 

Fig. 1. Schematic of the dual modality OCT/PAT system. DAQ: data acquisition device; Ct: 
counter; PD: photodiode; AC & DC: the two output channels of the transimpedance amplifier 
using the PD; Ref.: reference; AI: analog input; AO: analog output; FPI: Fabry-Perot 
interferometer; FM: flip mirror; DBD: dual balanced detector. Adapted from [23]. 

2.2 Chick embryo preparation and imaging scheme 

Fertilized eggs of white leghorn chick embryos were purchased from a hatchery (Schropper 
GmbH, Austria) and incubated on different days so that the imaging of stage HH21, HH 27 
and HH29 embryos could be performed in the same session. The eggs were incubated at 38°C 
and 70% humidity until the time of imaging. Immediately prior to imaging, the embryos were 
explanted using microsurgical instruments and transferred to the top of the polymer film 
sensor with 4% paraformaldehyde as the acoustic couplant. Forward and backward 
illumination using the idler and signal output from the OPO, respectively, were used 
simultaneously to maximize the imaging depth. The two excitation wavelengths used were 
845 nm and 609 nm with pulse energies of 11.7 mJ and 14 mJ, respectively, measured at the 
outputs of the corresponding fibers. The excitation fiber tips were placed several centimeters 
away from the sensor to guarantee an effective illumination area of a couple of square 
centimeters and hence an optical fluence below the safety limit of 20 mJ/cm

2
 [28]. A photo of 

the scanner is provided in Fig. 2. The scan step size was set at 40 µm to cover an area of 1 cm 
× 1 cm for the stage HH21 and stage HH27 embryos in PAT imaging, followed by scan step 
sizes of 14.3 µm and 17.2 µm in their corresponding OCT scans. Given the large size of the 
stage HH29 embryos, a step size of 60 µm was used for PAT over an area of 1.3 cm × 1.4 cm 
while the step size of OCT for these embryos was 18.6 µm and 22.9 µm in the two orthogonal 
dimensions, respectively. The total data acquisition time for each complete data set was 
approximately 30 minutes including the switching time between the OCT and the PAT 
modes. 
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Fig. 2. Photo illustration of the OCT/PAT scanning unit. I: idler output from the OPO; S: 
signal output from the OPO; SM: spherical mirror; X: x-axis galvanometer scanning mirror; Y: 
y-axis galvanometer scanning mirror; O: objective scan lens. 

Immediately after the OCT/PAT scan, the embryos were fixed in 4% paraformaldehyde 
buffered with phosphate-buffered saline (PBS) before being transferred into 70% ethanol for 
storage. One embryo from each of the three stages was selected to be imaged using HREM. 
HREM involves embedding the specimen in an eosin dyed resin block, which is mounted on a 
rotary microtome and sectioned in steps of a few µm with each section imaged by a 
fluorescence microscope prior to being sliced off; a detailed procedure is provided in [29]. 
The OCT/PAT data for the three HREM imaged embryos were then reconstructed and post-
processed in MATLAB (MATLAB R2013a, The MathWorks, U.S.). 3D rendering, image 
registration and image fusion were performed using Fiji [30]. To fuse the volume data of both 
OCT and PAT for the same embryo, interpolation and re-slicing in the depth dimension for 
the data sets were applied, so that the re-sliced data sets of both OCT and PAT had the same 
depth increment. Similar procedure was done in the transverse dimensions to fully achieve the 
voxel match of the co-registered OCT and the PAT volumes. The 3D matched volumes for 
OCT and PAT were then assigned to different color channels – e.g. OCT in gray color 
channel while PAT in red color channel; finally these two color channels were merged to 
form the fused 3D volumes. In display, the intensity and opacity can be adjusted for each 
individual color channel, achieving the desired visual effect. The 3D segmentation was 
achieved in Amira (Amira 5.3.3, FEI Corporate, U.S.) by manually selecting the parts of 
interests. 

3. Results 

Figures 3(a)-3(c) are OCT maximum intensity projection (MIP) images of stage HH21, HH27 
and HH29 embryos, respectively. Their corresponding PAT MIP images are given below in 
Fig. 3(d)-3(f). The general morphological differences between developmental stages can be 
observed in the OCT MIP images of the spinal cord, upper and lower limbs, the brain 
vesicles, the eye and the heart. The amnion can be seen wrapping the embryo. Somites are 
also visible lateral to the spinal cord as observed in Fig. 3(a), 3(b). In the corresponding PAT 
MIP images, the two endogenous absorbers, hemoglobin and melanin, contribute to the 
signals from the cardiovascular system and the eye, respectively. Besides the vitelline vessels, 
the dorsal aorta, atrium, ventricle and the pharyngeal arch arteries are all apparent in the 
background free images. Furthermore, the forming of pectinati muscles in the atrial 
appendices can be discerned by observing their prints in the blood filling of the atria – from a 
circularly shaped atrium in Fig. 3(d) to the heavily folded atrium in Fig. 3(f). The pigmented 
layers of retina of both eyes are visible in the PAT images because of the forward and 
backward illumination, making this modality a whole-body imaging method. While imaging 
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the stage HH29 embryo, the effective imaging depth was experimentally determined to be 
greater than 6.4 mm, which is the thickness of our thickest sample. The OCT imaging depth 
was 1.2 mm. To validate the OCT/PAT imaging results of chick embryos, virtual resections 
through the HREM data of these three embryos are shown in Fig. 3(g)-3(i). The organs and 
vasculature shown by OCT/PAT correspond well with those given by the HREM images. 

 

Fig. 3. MIP images of OCT (upper row), PAT (middle row) and HREM slices (lower row) for 
stage HH21, HH27 and HH29 embryos (from left to right). Sc: spinal cord; A: atrium; V: 
ventricle; MV: midbrain vesicles; LL: lower limb; UL: upper limb; DA: dorsal aorta; PAAs: 
pharyngeal arch arteries, HV: hindbrain vesicles; O: optic vesicle; R: retina; So: somites; Am: 
amnion. Scale bar = 1 mm. 

To reveal the 3D co-registered nature of the OCT/PAT imaging, two selected slices at 
different depths measured from the surface of the sensor for the stage HH21, HH27 and 
HH29 embryos are shown in Fig. 4 in the left, middle and right columns, respectively. In Fig. 
4(a), 4(c) and 4(f) the contour of the heart is provided by OCT, while blood in the chambers 
of the heart is visualized by PAT. In Fig. 4(d) two pharyngeal arch arteries can be discerned 
as well as the dorsal aorta. The brain vesicles are seen in OCT, but lack of hemoglobin in 
these regions renders no PAT signals there. Somites are visible in Fig. 4(e) at a depth of 540 
µm. An increased signal from the pigmented retina was detected in later stage embryos, 
which is confirmed by comparing Fig. 4(a) to Fig. 4(b) and Fig. 4(c). Because the thickness 
and composition of the retina as well as the pigmentation change during embryo 
development, this increased signal may reflect an optical property change in this structure. 
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Due to the small sizes of the blood vessels entering the eyes and the fact that they are not 
always filled with blood, proper visualization of these vessels is not possible in explanted 
embryos using PAT. The comparatively huge eyes of chick embryos are encompassed by 
retina except for the pupil, where the lens develops with a small area on the backside 
connecting the optic nerve. Since the connection with the optic nerve is tiny, it is not observed 
in Fig. 4 due to the depth slices selected. 

 

Fig. 4. Two slices of each embryo at various depths (indicated in lower left corner). (a) & (d): 
stage HH21; (b) & (e): stage HH27; (c) & (f): stage HH29. OCT result displayed in gray scale 
while PAT result displayed in red. A: atrium; V: ventricle; MV: midbrain vesicles; DA: dorsal 
aorta; PAAs: pharyngeal arch arteries; R: retina; UL: upper limb; LL: lower limb; P: “pupil” 
and lens. Scale bar = 1 mm. 

Volumetric displays are provided in Fig. 5 for the stage HH21, HH27 and HH29 embryos 
from left to right, respectively. As in Fig. 4, PAT signals are colored red, and displayed over 
the gray color mapped OCT volume in Fig. 5(a)-5(c). In Fig. 5(d)-5(f), four major structures 
are visualized in 3D from the PAT volume data, namely the atrium, the ventricle, the eye and 
the blood vessels consisting of the dorsal aorta, the pharyngeal arch arteries and the carotid 
arteries. These four components have been false colored for better visualization. Since the 
atrial appendices are large and often contain large blood clots, they provided a robust signal in 
all the three stages. In the lower row, HREM data with a voxel size of 3.4 µm × 3.4 µm × 2 
µm was surface rendered and displayed in 3D to show the fine structures of the intrathoracic 
arteries. From Fig. 5(d), it is observed that at stage HH21, the primitive atrium and the 
ventricle are discernable, and the individual pharyngeal arch arteries (right 2nd, 3rd and 4th), 
right internal carotid artery and the dorsal aorta can be distinguished as long as they are filled 
with blood. At stage HH27 and HH29, Fig. 5(e), 5(f) show the increase and differentiation of 
the right atrium and trabeculation of the right ventricle. Pharyngeal arch arteries are partially 
observable as well as the dorsal aorta, the left internal carotid artery, and at stage HH29 the 
segments of the two common carotids. At all three stages PAT images show the formation of 
the pigmentation of the retina very well. All these findings agree with earlier studies [31, 32]. 
In all the photoacoustic images, blood contrast is from hemoglobin of the erythrocytes. As the 
embryos develop, the density of blood vessels and their diameters change dramatically, which 
induces the contrast and differences in the images. 
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Fig. 5. (a-c): volume display of OCT(gray)/PAT(red) dual modality imaging of the chick 
embryos of stages HH21, HH27 and HH29, respectively. (d-f): PAT volume displays with eye, 
atrium, ventricle and blood vessels in false colors for the same embryos as in (a-c). (g-i): 
HREM volume displays of the blood vessels of the three embryos. PAAs: pharyngeal arch 
arteries; ICA: internal carotid artery; sA: segmental arteries, VV: vitelline vessels; Ao: 
ascending aorta; PT: pulmonary trunk; CCA: common carotid arteries; A: atrium; V: ventricle; 
R(l&r): (left & right) pigmented layer of retina. 

4. Discussion 

We have shown that complementary developmental information from the cardiovascular 
system and additional organs can be acquired with our dual modality OCT/PAT system, 
utilizing only endogenous contrasts of OCT and PAT. While general morphology of the 
limbs, eye, spinal cord, body wall, tail and even the amnion is provided with high spatial 
resolution by OCT, PAT resolved the eye, the blood filled vessel segments throughout the 
entire embryo and the blood inside the cardiac chambers independent of surrounding 
structures. Since the embryos lay stable on top of the sensor during imaging, the two 
modalities’ images are inherently co-registered. To our knowledge, this whole-body, dual 
endogenous contrast, large field of view, co-registered system for visualizing chick embryos 
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is not achievable by other imaging modalities, making dual modality OCT/PAT imaging a 
powerful tool for both anatomical and developmental studies using the developing 
vasculature of chick embryos. 

The embryos were explanted from the eggs and placed in paraformaldehyde solution on 
top of the sensor for imaging, which made it impossible to monitor a single embryo over time. 
This problem can be addressed by redesigning the sensor holder and inverting the scanning 
unit. A window into the shell could be cut out to expose the albumen and the yolk, allowing 
the sensor to be submerged to get closer to the floating embryo. The shell could be heated so 
that normal development of the embryo can be expected over prolonged time, enabling 
longitudinal monitoring of chick embryos for drug or developmental studies. We are also 
investigating the possibility of ex ovo but in vivo imaging of the chick embryos in shell-less 
cultures such as the one proposed in [33]. 

The current duration of each imaging session for a single embryo is an order of magnitude 
shorter than that of MRI or HREM, but is still too long for functional monitoring of some fast 
dynamic processes. This is primarily due to the repetition rate of our laser (50Hz). 
Additionally, it takes approximately 10 minutes to calibrate our sensor prior to imaging each 
embryo, but we are working to reduce this by a factor of 5 using analog servo boards for our 
galvanometer scanning mirrors. An alternative approach to reducing overall scanning time 
would be targeting specific organs, such as the heart, and imaging a smaller volume. This 
would reduce the active imaging time to ~3 minutes. OCT has already been demonstrated for 
imaging chick embryo heart in 4D [14], but complementary oxygenation information should 
be able to be obtained by imaging at multiple wavelengths using PAT [24]. Simultaneous 
OCT/PAT imaging for late stage chick embryo could still be a challenge though. The fairly 
large size of the embryo, and the requirement of the planar detector in PAT that detects the 
photoacoustic pulse originating from the same source at multiple detection points means that 
more than ten microseconds needs to be waited at each detection point for the acoustic wave 
to propagate to the sensor. This feature inherently prohibits the PAT system to keep up with 
our current OCT system which features an A-line rate of 100 kHz. Therefore, for 
simultaneous OCT/PAT system, not only a photoacoustic excitation laser with fast repetition 
rate is required, designs other than the planar detector for acoustic waves may also be 
required. 

5. Conclusion and future work 

A dual modality optical imaging system combining SS-OCT and whole-body PAT has been 
demonstrated and applied to chick embryo imaging. Normal embryos from three different 
development stages were imaged using this dual modality system, whose results not only 
showed the complementary endogenous scattering and absorption contrast provided by the 
two sub-modalities, but also the ability of the system to resolve the cardiovascular and 
morphological changes of the chick embryo at various developmental stages. With redesigned 
polymer film sensors that feature higher frequency responses and interrogation lasers with 
higher output power, as well as the reduction of total acquisition time by using analog servo 
boards for the scanning mirrors, this OCT/PAT system will be invaluable for in vivo 
longitudinal monitoring of angiogenesis, morphogenesis and organogenesis of chick embryos. 
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