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Abstract. Study of developmental heart defects requires the visualiza-
tion of the microstructure and function of the embryonic myocardium,
ideally with minimal alterations to the specimen. We demonstrate
multiple endogenous contrast optical techniques for imaging the Xe-
nopus laevis tadpole heart. Each technique provides distinct and
complementary imaging capabilities, including: 1. 3-D coherence mi-
croscopy with subcellular �1 to 2 �m� resolution in fixed embryos, 2.
real-time reflectance confocal microscopy with large penetration
depth in vivo, and 3. ultra-high speed �up to 900 frames per second�
that enables real-time 4-D high resolution imaging in vivo. These im-
aging modalities can provide a comprehensive picture of the morpho-
logic and dynamic phenotype of the embryonic heart. The potential of
endogenous-contrast optical microscopy is demonstrated for investi-
gation of the teratogenic effects of ethanol. Microstructural abnormali-
ties associated with high levels of ethanol exposure are observed,
including compromised heart looping and loss of ventricular trabecu-
lar mass. © 2007 Society of Photo-Optical Instrumentation Engineers.
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Introduction
eart defects are a major cause of infant mortality and spon-

aneous abortions.1,2 Since the basic process of heart develop-
ent and the genetic network that regulates it has been found

o be conserved throughout evolution,3,4 research in lower
ertebrates, including the Xenopus embryo, can help in under-
tanding normal and abnormal heart development.5 The Xeno-
us laevis tadpole is an ideal animal model for demonstrating
ptical imaging methods, as it has relatively large and par-
ially transparent embryos. The morphology of the developing
enopus laevis heart was described based on studies in fixed
mbryos.6,7 Similar to other vertebrates, Xenopus heart devel-
pment starts at the gastrula stage. Later on, it takes the form
f a linear tube that undergoes looping and compression. Dif-
erentiation gives rise to the truncus arteriosus �TA�, bulbus
ordis �BC�, ventricle �V�, atrium �A�, and sinus venosus
SV�. The final step of heart development is valve and septum
ormation �around stage 47�. The fully differentiated Xenopus
eart has three chambers: two atria divided by the partial
trial septum, and a single highly trabeculated ventricle. The
trioventricular valve is located between the ventricle and the
trium, and the spiral valve is located within the TA.6,7 Elu-
idating the relationship between the molecular basis of con-
enital malformations and phenotype requires accurate 2- and
-D characterization of microstructure of the embryonic heart.
owever, due to cardiac motion and its small dimensions, the
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heart is among the most difficult organs to evaluate in a living
embryo.

Optical techniques are capable of imaging the living em-
bryonic heart at high resolution.8,9 While presently the vast
majority of optical imaging techniques utilize exogenous mo-
lecular labels, for some applications, optical imaging based on
endogenous contrast may be advantageous. For instance, en-
dogenous contrast mechanisms, such as tissue scattering and
autofluorescence, allow investigation of the specimen in its
native state, at multiple time points,10 and with minimal
preparation. Endogenous contrast microscopy can furthermore
be used in tandem with fluorescence imaging, providing an
important structural context that is complementary to molecu-
lar labeling.

Here, we describe several endogenous-contrast imaging
modalities for visualizing both normal and abnormal Xenopus
laevis tadpole heart microstructures: full-field optical coher-
ence microscopy �FFOCM�,11–13 which utilizes low-coherence
interferometry and high numerical aperture objective lenses to
attain resolution at the subcellular level in all three dimen-
sions �3-D�; spectrally encoded confocal microscopy
�SECM�,14,15 a form of reflectance confocal microscopy that
can obtain 2-D images with micron-level resolution; and op-
tical frequency-domain imaging �OFDI, also referred as
swept-source optical coherence tomography �OCT��,16,17 a re-
cently developed derivative of OCT that acquires images at
significantly higher frame rates.18 The high speed of OFDI
opens up the possibility of conducting real-time 4-D
1083-3668/2007/12�6�/064021/12/$25.00 © 2007 SPIE
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icroscopy19,20 �3-D microscopy as a function of time�.
The purpose of this study is to demonstrate these endog-

nous contrast microscopy technologies and elucidate the po-
ential merits of high-speed and high-resolution imaging for
he normal and abnormal embryonic heart.

Materials and Methods
.1 Bench-Top Optical Coherence Tomography and

Optical Frequeny-Domain Imaging Systems
n time-domain OCT �TDOCT�, axial ranging is performed by
se of low-coherence reflectometry where the individual
epth points are probed sequentially in time. A broad band-
idth �50 nm, full width at half maximum �FWHM�� source

entered at 1.3 �m was used, providing an axial resolution of
10 �m in tissue. The frame rate was 20 per second �2 kHz
-line rate, 100�500 pixels�.

OFDI originates from a telecommunications ranging
ethod termed optical frequency-domain reflectometry. The

rimary differences between OCT and OFDI are found in the
ystem optics. With OFDI, the interferometer reference arm
emains stationary and spectral interference is detected using

narrowband wavelength-tuning source. OFDI images, re-
onstructed by taking the Fourier transform of the spectral
ringe pattern, are essentially identical to those obtained by
CT. OFDI provides a several-hundred-fold improvement in

ignal-to-noise ratio �SNR�,16,17 compared to OCT, which can
e utilized to increase imaging speed to nearly
000 frames per second.

The wavelength tunable laser light source of our OFDI
ystem was an extended cavity semiconductor laser employ-
ng an intracavity spectral filter.14,17 The laser featured a
weep repetition rate of up to 54 kHz, a wide tuning range of
11 nm centered at 1320 nm, and a high average output
ower of 30 mW �7 mW on the tissue�. The axial resolution
as 10 �m in tissue. The frame rate was 900 per second,

esulting in a volumetric acquisition rate of 20 Hz �60�45
256 pixels per volume�. The system further comprised an

cousto-optic frequency shifter �25 MHz� to remove the
epth degeneracy inherent in frequency-domain
eflectometry.21

Polarization-diversity detection was implemented to elimi-
ate polarization artifacts in the fiber-based OFDI system.
ual-balanced photoreceivers were used to improve imaging

ensitivity through the reduction of laser intensity noise. The
hotoreceiver outputs were digitized with a two-channel
nalog-to-digital converter at a sampling rate of 100 MHz
ith 14-bit resolution. TDOCT and high-speed OFDI were

ncorporated into a dissecting light microscope. The scanning
ystem was comprised of a collimating lens �5-mm beam di-
meter�, two synchronized galvanometric scanners for trans-
erse scanning, a focusing lens �50-mm focal length�, and a
mall mirror that deflected the beam downward toward the
ample. The transverse resolution was 15 �m with a confocal
arameter of 280 �m.

Displacements associated with local cardiac motion �Figs.
�a�–5�d�� were estimated from the OFDI data by subtracting
he heart surface locations at end diastole from those at end
ystole on a frame-by-frame basis. First, the heart was semi-

utomatically segmented using IPLab Spectrum �BD Bio-

ournal of Biomedical Optics 064021-
sciences, Franklin Lakes, New Jersey� in end diastole and end
systole. Morphologic edge detection was then conducted on
the segmented areas to determine the heart surfaces for end
diastole and end systole. End diastole and end systole seg-
mented areas were subtracted on a frame-by-frame basis. The
subtracted image maintained its sign so that positive and
negative displacements could be computed. For every point
on the edge images, the thickness of the subtracted volumes
was determined by summing the subtracted data within a local
kernel centered at each edge point. The displacement value
estimate for each surface position was then scaled according
to the pixel dimensions and assigned a unique color that
served as a color overlay on the 3-D volume rendering. Volu-
metric rendering and 3-D visualization was accomplished by
using OsiriX software.22

High-resolution OFDI was performed using a novel laser
source with 200-nm tuning range, centered at 1250 nm, in
which two semiconductor optical amplifiers were utilized as
the gain media.23 An axial resolution of 4 �m in tissue
was measured. The transverse resolution was 2 �m with
NA=0.2 objective lens. The imaging rate was
40 frames per second with an A-line rate of 20 kHz �500
A-lines per frame, 666 pixels per A-line�.

Polarization-diversity and dual-balanced detection were
performed and the photoreceiver outputs were digitized with a
two-channel analog-to-digital converter at a sampling rate of
10 MHz with 12-bit resolution.

2.2 Full-Field Optical Coherence Microscopy System
FFOCM is an interferometric technique that utilizes 2-D par-
allel detection to provide subcellular resolution images of re-
flected light within biological specimens.12,24 The FFOCM
system used spatially incoherent broadband light from a xe-
non arc lamp to illuminate the sample and the reference mir-
ror of a Linnik interference microscope using two identical
NA=0.3 water-immersion microscope objective lenses. Inter-
ference images were captured with a complementary metal
oxide semiconductor �CMOS� area scan camera with a spec-
tral response centered at 650 nm. The transverse resolutions
were 2 �m and the axial resolution was 1.1 �m. Maximum
penetration depth was typically 1 to 2 mm. Acquisition time
was 2 s per frame for a transverse field of view of approxi-
mately 700�700 �m �512�512 pixels per frame, 800
frames per volume�. Three-dimensional data was obtained by
moving the sample through the focus at 1-�m increments.
Volumetric rendering and visualization was accomplished by
using OsiriX software.

2.3 Spectrally Encoded Confocal Microscopy System
SECM is a reflectance confocal microscopy technique that
uses near-infrared light, allowing deeper penetration into
tissue,25 compared with confocal microscopes that utilize vis-
ible light. SECM differs from conventional laser scanning
confocal microscopy in that it projects different wavelengths
onto distinct locations on the sample.15 Rapid acquisition of
spectra returned from the sample enables high-speed recon-
struction of the image. In the SECM system,14 light from a
rapid wavelength tuning source in the near-infrared �center
wavelength=1.32 �m, instantaneous line width=0.1 nm, to-

tal bandwidth=70 nm, repetition rate up to 15.7 kHz� was

November/December 2007 � Vol. 12�6�2
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ollimated onto a diffraction grating �1100 lines per mm� and
ocused through a 1.2 NA, 60� objective �Olympus
PlanApo/IR 60� /1.20 W�. A multimode fiber was used for

ignal collection, resulting in 0.9-�m transverse and 2.5-�m
xial resolutions. Images comprised of 500�500 pixels were
cquired at 10 frames per second. The maximum imaging
epth was limited to the 280-�m working distance of the
bjective lens.

.4 Resolution Measurements

or all imaging modalities �TDOCT, OFDI, SECM, and
FOCM�, transverse resolution was measured by imaging a
esolution target and calculating the full width at half maxi-
um �FWHM� of the derivative of the edge response. Axial

esolution was measured by scanning a mirror along the opti-
al axis and determining the FWHM.

.5 Specimen Preparation, Ethanol Treatment, and
Histology

enopus laevis frogs were purchased from Nasco �Fort Atkin-
on, Wisconsin�. Animal procedures were performed accord-
ng to the approved protocols of Massachusetts General Hos-
ital Subcommittee on Research Animal Care. Embryos were
btained by in vitro fertilization, incubated in 0.1� Marc’s
odified Ringer’s medium �MMR�,26 and staged according to
ieuwkoop and Faber tables.27

Ethanol treatments were performed in 0.1� MMR �vol/
ol�, from the mid-blastula transition �MBT, stage 8.5�,28 until
he time of imaging, typically after 5 to 7 days at room tem-
erature. All embryos were imaged repeatedly during their
evelopment. Aligning the embryos was performed by ob-
erving them through the dissecting microscope and TDOCT
ross sectional imaging of the heart area. Prior to in vivo
maging, to prevent the embryos from swimming, they were
nesthetized using 0.02% 3-aminobenzoic acid ethyl ester �A-
040, Sigma�. For TDOCT and OFDI imaging, embryos were
ositioned on a 1.5% agarose gel plate with their ventral side
acing up, covered by the anesthesia working solution. For
maging with the SECM system, embryos were placed on a
over slip, lying on their ventral side in an anesthesia buffer,
nd imaged from below. FFOCM was conducted on fixed
mbryos. Fixation was done in MEMFA �0.1-M MOPS
pH7.4�, 2-mM EGTA, 1-mM MgSO4, and 3.7% formalde-
yde� for more than one hour. Prior to imaging, the fixed
mbryos were transferred into a Petri dish with 1� phosphate
uffered saline �PBS� �8-gr NaCl, 0.2-gr KCl, 1.44-gr
a2HPO4, and 0.24-gr KH2PO4�, with their ventral side fac-

ng up, supported by clay. Developmental stages and pheno-
ypes were determined by R. Yelin.

Plastic histology sections29 were obtained after additional
xation in Karnovsky’s Fixative �KII� and embedding in

Epon-812 �Tousimis�. Sections 1 �m thick were cut on a
eichert Ultracut Microtome and stained with methylene
lue/toluidine blue in borate buffer �Tousimis�. Paraffin sec-

ions �5 �m thick� were stained with hematoxylin and eosin.

ournal of Biomedical Optics 064021-
3 Results
3.1 High-Resolution Three-Dimensional Imaging by

Full-Field Optical Coherence Microscopy in
Fixed Embryos

FFOCM offers the capability to image the microstructure of
the embryonic heart with nearly isotropic cellular level reso-
lution in a fixed embryo. Volumetric FFOCM images spanned
a transverse field of view of 700�700 and 1000 �m in
depth. The transverse and axial resolutions were 2 and
1.1 �m, respectively. Acquisition time was 2 s for a single en
face section, and 33 min for the entire volume. FFOCM sec-
tions of the heart in a fixed Xenopus tadpole �stage 49� allow
visualization of the ventricular trabeculae �Figs. 1�a� and
1�c��, the spiral valve �Figs. 1�b� and 1�d�, arrows�, and the
partial atrial septum �Fig. 1�d�, arrow head�. Partially trans-
parent volumetric rendering of the heart �Figs. 1�e�–1�h�� re-
veals the looping-compression structure with the angled TA
�Fig. 1�e��, the aortic arches �Figs. 1�f� and 1�g��, and the thin
wall of the atrium �Figs. 1�g� and 1�h��, in their 3D context.
Cutaway views of Fig. 1�e� show fine 3-D internal structures,
including the trabeculae �Figs. 1�i� and 1�j�� and the atrioven-
tricular valve �Fig. 1�k��. A magnified view of the atrioven-
tricular valve, shown �Fig. 1�l�� next to a corresponding his-
tology section of the same embryo �Fig. 1�m��, demonstrates
its bicuspid morphology.

3.2 Heart Abnormalities Due to Ethanol Exposure
Cardiovascular malformation can be caused by genetic30 and
teratogenic factors.31 Ethanol is a well-known teratogen; ex-
posure of human embryo during pregnancy to alcohol �etha-
nol� is associated with fetal alcohol syndrome �FAS�.32,33 One
estimate suggests that 54% of the children with FAS have
heart defects.34 To study the teratogenic effect of ethanol on
Xenopus heart development, embryos were exposed to differ-
ent concentrations of ethanol �0.5 to 2.5% vol/vol� from the
mid-blastula transition �stage 8.5�28 until they were imaged.
Siblings developing under the same conditions, but not ex-
posed to ethanol, were used as controls. During the develop-
mental process, we screened the heart area of 121 live em-
bryos in an attempt to identify and qualitatively evaluate the
extent of the teratogenic effect. To image the large number of
embryos repeatedly and reliably, we used a dedicated TDOCT
system that was incorporated into a dissecting microscope,
which allowed simultaneous imaging with the two systems,
with easy access for embryo manipulation �accurate orienta-
tion alignment�. What appears as a complete maturation with
a substantial change in morphology compared to the controls
was found in a minority �25%� of embryos that were exposed
to 1% ethanol �n=28�, and in a majority �74%� of embryos
that were exposed to 1.5% ethanol �n=27, as in Video 1�.
Grossly abnormal rotation of the heart tube and/or incomplete
maturation was found in all embryos in the 2.0 and 2.5%
groups �n=17 and n=7, respectively, as in Video 2�. We did
not observe morphologic differences between the 0.5% etha-
nol treated group �n=16, as in Video 3� and the control group
�n=42, as in Video 4�.

Cardiac motion was evident in all embryos, even those
with the most severe malformations. Using TDOCT, we se-
lected one tadpole �stage 48� from each of the control, 0.5,

1.5, and 2.0% ethanol treated groups to demonstrate typical
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ig. 1 3-D imaging of Xenopus heart �stage 49� using FFOCM in a fixed embryo. En face sections show trabeculae �a� within the ventricle and �b�
he spiral valve �valve marked by arrow�. Cross sections at different locations along the anterior-posterior axis show �c� the ventricular trabeculae
nd cavity, �d� the TA and spiral valve �marked by arrow�, the thin atrium wall, and the partial atrial septum �arrowhead�. Partially transparent
olumetric rendering of the heart �e� through �h� is shown at different viewing angles, revealing �e� the characteristic looping-compression structure
nd the angled TA, �f� the TA splitting into the paired aortic arches, the carotid arches �ca�, systemic arches �sa�, the pulmocutaneous arches �pa�,
nd �g� and �h� the thin walled atrium. �i�, �j�, and �k� Cut away views through the 3-D dataset. The atrioventricular valve is shown in a magnified
iew ��l�, marked by star� next to the corresponding histological section ��m�; resin-embedded, 1-�m sections, methylene blue stain�. v, ventricle;
, truncus arteriosus; a, atrium. Scale bars correspond to 100 �m.
ournal of Biomedical Optics November/December 2007 � Vol. 12�6�064021-4
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henotypes �Videos 1 through 4�. We determined that the four
adpoles’ hearts were in advanced developmental stages by
dentifying the existence of a partial atrial septum and an
trioventricular valve �histology data not shown�.

The TDOCT images provided the first indication of dam-
ged looping in the 1.5 and 2.0% groups �Videos 1 and 2�. We
urthermore observed lower TDOCT signal from within the
entricle in those groups.

Photographs of the tadpoles, taken in vivo from the ventral
spect, are shown in Figs. 2�a�–2�d�. The four embryos were
hen fixed and imaged with FFOCM to evaluate fine structural

alformations. 3-D rendering of FFOCM data allowed evalu-
tion of myocardial structure at high resolution, revealing the
imilarity between the control and the 0.5% tadpoles, and
learly showing defective heart tube looping in tadpoles from
he 1.5 and 2.0% groups �Figs. 2�e�–2�h��. Based on sections
rom the FFOCM datasets, we measured the TA dimensions in
ach of the four representative embryos and found a decrease
n maximum diameter of approximately �20±9�% in the
.5% embryo and �66±15�% in the 2% embryo, when com-
ared to the control and 0.5% groups. The smaller distorted
As and spiral valves �marked by arrows� are shown in the

ideo 1 TDOCT movie of a Xenopus heart area from the group
reated with 1.5% ethanol, acquired in vivo. Imaging rate was
0 frames per second �QuickTime; 1 MB�.
URL: http://dx.doi.org/10.1117/1.2822904.1�.

ideo 2 TDOCT movie of a Xenopus heart area from the group
reated with 2.0% ethanol, obtained in vivo. Imaging rate was
0 frames per second �QuickTime; 1 MB�.

URL: http://dx.doi.org/10.1117/1.2822904.2�.

ournal of Biomedical Optics 064021-
1.5% �Fig. 2�k�� and 2.0% embryos �Fig. 2�l�� compared with
the control �Fig. 2�i�� and the 0.5% �Fig. 2�j�� embryos.

Pericardial edema was present in the 1.5 and 2.0% groups
�Figs. 2�k�, 2�l�, 2�o�, and 2�p�� compared with the control and
0.5% groups. Ethanol also affected the ventricle. The devel-
oped trabeculae in the control �Fig. 2�m�� and 0.5% �Fig.
2�n�� hearts contrast the less developed trabeculae in the 1.5%
group �Fig. 2�o�� and the large ventricular cavity with sparse,
stunted trabeculae in embryos exposed to 2.0% ethanol �Fig.
2�p��. Corresponding histological sections confirmed some of
our findings, including the less developed trabeculae �Figs.
2�q�–2�t�� in embryos with the greater ethanol exposure.

3.3 High-Resolution Imaging of the Embryonic Heart
with Spectrally Encoded Confocal Microscopy
In Vivo

To obtain high-resolution images within the Xenopus heart
in vivo, we have used SECM that allows the imaging of both
structure and dynamics with microscopic resolution. SECM
provides a transverse resolution comparable to FFOCM, but
at much higher frame rates, enabling microscopy of the heart
in vivo. The Xenopus myocardium �stage 49� was imaged with

Video 3 TDOCT movie of a Xenopus heart area from the group
treated with 0.5% ethanol, obtained in vivo. Imaging rate was
20 frames per second �QuickTime; 1 MB�.
�URL: http://dx.doi.org/10.1117/1.2822904.3�.

Video 4 TDOCT movie of a Xenopus �stage 48� heart area from
the control group, obtained in vivo. Imaging rate was
20 frames per second �QuickTime; 1 MB�.

�URL: http://dx.doi.org/10.1117/1.2822904.4�.
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ECM in vivo at a frame rate of 10 /s, a transverse field of
iew of 220�220 �m, and transverse and axial resolutions
f 0.9 and 2.5 �m, respectively. The maximum penetration

ig. 2 Abnormal heart formation due to ethanol exposure. �a� through
h� 3-D renderings of the heart area using FFOCM in fixed embryos. �
evel of the spiral valve �marked by arrows�. �m� through �p� Cross sect
paraffin, H and E�. v, ventricle; t, truncus arteriosus; a, atrium; tr, trab
00 �m.
epth was 280 �m. SECM images show the thin cusps of the

ournal of Biomedical Optics 064021-
atrioventricular valve �Fig. 3�a��, approximately 280 �m be-
low the ventral surface, and parts of the ventricle and TA �Fig.
3�c��, containing individual blood cells within the trabecular

ntral-view photographs of the tadpoles, obtained in vivo. �e� through
gh �l� En face FFOCM sections through the volumetric datasets at the
ough the ventricle. �q� through �t� Corresponding histological sections
; frame width in �a� through �d� is 2.5 mm. Scale bars correspond to
�d� Ve
i� throu
ions thr
eculae
spaces. SECM images correlated well with corresponding his-
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ology sections �Figs. 3�b� and 3�d��. A series of frames from
different tadpole �stage 47� demonstrates the spiral valve as

t closes �Fig. 3�e�� and opens �Figs. 3�f� and 3�g��, regulating
lood flow, seen at the single-cell level, from the TA to the
ortic bifurcation �Video 5�. Blood cells are also apparent

ig. 3 High-resolution confocal imaging in vivo using SECM. En face
ECM images showing the atrioventricular valve ��a�, marked by star�,
he ventricular trabeculae, and the TA �c� are compared with plastic
istological sections ��b� and �d�; resin-embedded, 1-�m sections,
ethylene blue stain�. The regions of interest in �b� and �d�, marked
y the dotted rectangles, correspond to the approximate fields of view
f the SECM images in �a� and �c�, respectively. �e�, �f�, and �g� A
eries of three SECM images demonstrate the opening of the spiral
alve, allowing the flow of blood cells to the aortic bifurcation. Ar-
ows mark the flow direction. �h� Trabecular microstructure within the
entricle. Stars mark valve locations. v, ventricle; t, truncus arteriosus;
, spiral valve; b, blood cells. Scale bars correspond to 50 �m.
etween the trabeculae �Fig. 3�h��, and smaller, bright features

ournal of Biomedical Optics 064021-
that may represent nuclei and organelles can be observed.

3.4 Aneurismal Dilatation in the Xenopus
Embryo

In one of the embryos �stage 47�, we noticed a protrusion
emanating from the TA wall. SECM sections obtained in vivo
at two different depths �Figs. 4�a� and 4�b��, taken from Video
6 reveal its saccular shape, its location with respect to the
spiral valve, as well the flow of individual blood cells through
the defect. This abnormality was also observed in vivo with
TDOCT �Fig. 4�a�, inset�. The embryo was then fixed and
imaged with FFOCM. An FFOCM section �Fig. 4�c�� and a
3-D volumetric rendering of the dataset �Fig. 4�d�� shows the
dilatation in the context of the entire heart. Difficult to see
under conventional brightfield microscopy �Fig. 4�e��, but
clearly visualized with TDOCT, FFOCM, and SECM, this
protrusion may represent a saccular aneurismal dilatation of
the TA in a heart that otherwise appeared to have a normal
phenotype.

3.5 Optical Frequency Domain Imaging Allows Real-
Time Four-Dimensional Imaging of the Xenopus
Tadpole Heart

Direct imaging of heart dynamics in the whole mount embryo,
in situ, including valve activity and myocardial motion, can
help to elucidate heart function and the etiology of failure.
While FFOCM and SECM are too slow, in their current
implementation, to acquire the 3-D volume of the heart in real
time, OFDI allows 4-D imaging without using gating or syn-
chronization techniques.19,20 OFDI images of the Xenopus
heart �stage 49� were acquired in vivo at a rate of
900 frames per second �fps�, while the OFDI image plane
was scanned through the heart at a rate of 20 Hz. Volumetric
OFDI images were therefore obtained at a rate of 20 3-D
datasets per second �Figs. 5�a�–5�d��. The heart beat rate was
measured to be approximately 2 Hz, resulting in ten volumet-
ric datasets captured during a single cardiac cycle. A 4-D
rendering of the myocardial dynamics is shown in Video 7. At
end systole, OFDI demonstrated that the ventricle was at its

Video 5 SECM movie of the spiral valve in a stage 47 Xenopus heart,
obtained in vivo. Imaging rate was 10 frames per second �QuickTime;
3.1 MB�. �URL: http://dx.doi.org/10.1117/1.2822904.5�.
smallest volume; the volumes of the atrium and truncus arte-
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iosus �TA� were conversely at their maxima �Figs. 5�a� and
�c��. At end diastole, the ventricle was dilated to its greatest
olume, whereas the volumes of the atrium and TA were at
heir minima �Figs. 5�b� and 5�d��.

.6 High-Resolution Optical Frequency Domain
Imaging of the Embryonic Heart In Vivo

o increase OFDI resolution, a novel broadband �200 nm�
avelength-swept source23 was used to obtain cross sections
f a stage 49 Xenopus heart, in vivo. Compared to the 15-�m
ransverse and 10-�m axial resolutions of the previously de-
cribed OFDI, the transverse and axial resolutions of high-
esolution OFDI were 2 and 4 �m, respectively. Imaging
peed was 40 fps.

Details within the three-chamber Xenopus heart can be
learly resolved in the high-resolution OFDI movie �Video 8�,
ncluding atrioventricular valve dynamics �Figs. 5�e�–5�g��.

ig. 4 Aneurismal dilatation in the Xenopus heart �stage 47�. �a� SEC
rotrusion. �b� A deeper SECM section reveals the location of the
bnormality in vivo ��a�, inset, arrow�. �c� FFOCM en face section, o
dditional views of the aneurysm. �e� Brightfield photo showing ventra
y arrows. v, ventricle; t, truncus arteriosus; a, atrium; s, spiral valve.
M image, obtained in vivo, shows the presence of blood cells within the
protrusion relative to the spiral valve. TDOCT was used to confirm the
btained in fixed embryo, and �d� 3-D rendering of the FFOCM data, show
l view of the tadpole �frame width=2 mm�. The aneurismal defect is marked
Scale bars correspond to 100 �m.
ndividual blood cells can also be seen flowing from the

ournal of Biomedical Optics 064021-
Video 6 SECM movie of the aneurismal dilatation on the TA wall
of a stage 47 tadpole, acquired in vivo. Imaging rate was
10 frames per second �QuickTime; 2.9 MB�.

�URL: http://dx.doi.org/10.1117/1.2822904.6�.

November/December 2007 � Vol. 12�6�8

http://dx.doi.org/10.1117/1.2822904.8
http://dx.doi.org/10.1117/1.2822904.8
http://dx.doi.org/10.1117/1.2822904.8
http://dx.doi.org/10.1117/1.2822904.6
http://dx.doi.org/10.1117/1.2822904.6


F
�
p
c
i
H
v
e
c
m
t
s
a

Yelin et al.: Multimodality optical imaging of embryonic heart microstructure

Journal of Biomedical Optics 064021-
atrium to the ventricle through the atrioventricular valve �Fig.
5�g��. The ventricular trabeculae �Fig. 5�h�� and the spiral
valve �Fig. 5�j�� structure and dynamics are clearly resolved
with the high-resolution OFDI. For comparison, we present
FFOCM sections �Figs. 5�i� and 5�k�� of corresponding areas
from embryos at similar developmental stages.

4 Discussion
A common paradigm in developmental biology research is to
manipulate the genotype and monitor the phenotype. Mor-
phology is an important aspect of the phenotype. In the heart,
even slight morphological and dynamical abnormalities may
be critical for proper myocardial function. An ability to iden-
tify subtle morphological and dynamical variations in two and
three dimensions can significantly improve the sensitivity of
this paradigm.

In the Xenopus laevis tadpole, heart structures such as the
myocardial wall, septum, and valves may only be a few cells
thick. Evaluating the morphological phenotype not only re-

Video 7 4-D imaging of stage 49 Xenopus heart, obtained in vivo
using OFDI �QuickTime; 1.2 MB�.
�URL: http://dx.doi.org/10.1117/1.2822904.7�.

Video 8 Cross sectional imaging of stage 49 Xenopus heart
acquired in vivo using high-resolution OFDI. Imaging rate was
40 frames per second �QuickTime; 3 MB�.
ig. 5 Imaging of Xenopus laevis hearts �stage 49� in vivo using OFDI.
a� to �d� High-speed OFDI 4-D imaging is presented through dis-
lacement color maps, revealing myocardial motion within a single
ardiac cycle. The 900-fps imaging rate allows in vivo real-time 3-D
maging at a rate of 20 volumes per second �vps�. �e�, �f�, and �g�
igh-resolution OFDI shows a series of frames of the atrioventricular

alve �e� as it closes and ��g�, valve marked by arrows� opens. Differ-
nt anatomic structures within the heart can be clearly resolved, in-
luding �h� the ventricle with the trabeculae and ��j�, spiral valve
arked by arrow� the spiral valve within the TA. FFOCM images of

he areas of the ventricle and the spiral valve are shown in �i� and ��k�,
piral valve marked by arrow�, respectively. v, ventricle; t, truncus
rteriosus; a, atrium. Scale bars correspond to 100 �m.
 �URL: http://dx.doi.org/10.1117/1.2822904.8�.
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uires resolving such fine structures, but also the capability to
isualize these microscopic features within the beating heart,
here typical displacement velocities are on the order of
mm /s �estimated based on the data from the high-speed
FDI, and assuming a beat rate of approximately 2 Hz�. For

ross sectional imaging, TDOCT at 20 frames per second is
ufficiently fast to avoid motion artifacts in a 2-D image. With
he several-fold increase in imaging speed enabled by OFDI,
-D images of the embryo heart can be obtained at different
imes within the cardiac cycle.19,20

High resolution and high speed are not the only require-
ents for effective imaging of the heart. In the Xenopus em-

ryo, the heart extends from between 200 and 800 �m be-
eath the ventral surface. An effective imaging method should
herefore also be capable of imaging at these depths without
ubstantial loss of signal and resolution.

Structural imaging of the heart in vivo has been demon-
trated using a variety of noninvasive imaging modalities such
s micro-MRI in adult pigs35 and adult mice,36 micro-CT in
dult pigs37 and adult mice,38 ultrasound in mouse embryos,39

nd positron emission tomography �PET� in adult dogs40 and
dult mice.41

Optical techniques enable imaging of the embryonic heart
t higher resolution. The morphology of the developing Xe-
opus laevis heart has been studied in fixed embryos, using
-D rendering of histology sections6 and confocal
icroscopy.7 Confocal microscopy has been also used for in

ivo heart imaging, including studying the role of intracardiac
uid forces42 and heart dynamics at very early developmental
tages8 in zebrafish. Time-lapse study, which does not require
ptical sectioning, was conducted using high-speed video
ameras, in chick embryos.10

TDOCT was first applied to small animal heart imaging by
oppart et al.43,44 Doppler TDOCT allows quantitative veloc-

ty measurements under the tissue surface, and was used to
emonstrate blood flow in the Xenopus tadpole.45,46 Due to its
imited speed, 3-D heart imaging using TDOCT has primarily
een demonstrated in fixed embryos of Xenopus,43 mouse,9

nd chick.47 The gating technique has been employed to cir-
umvent imaging speed limitations, enabling the reconstruc-
ion of 3-D OCT heart images, at different stages in the car-
iac cycle, of mouse and chick embryos.48 Post-acquisition
ynchronization techniques were used for 3-D in vivo confo-
al microscopy in zebrafish embryos.49

FFOCM was found to be capable of providing high quality
-D imaging with cellular �1 to 2 �m� resolution. Compared
o confocal microscopy, FFOCM has axial resolution that is
ndependent of the objective lens numerical aperture, opening
p the possibility of obtaining images with isotropic subcel-
ular resolution. SECM was demonstrated with comparable
ransverse and axial resolution to those of FFOCM, but was
apable of imaging at much higher speeds, enabling visual-
zation of myocyte, blood, and valve motion in vivo.

Owing to its high imaging speed, OFDI provided real-time
-D imaging of a beating heart without requiring cardiac gat-
ng or synchronization.19,20 We showed that OFDI might be
seful for assessing myocardial wall displacement during the
ardiac cycle �Figs. 5�a�–5�d��. The use of anesthesia for im-
obilizing the embryos during imaging also resulted with re-
uction in heart beat rate, from approximately 3 to 2 Hz,

ournal of Biomedical Optics 064021-1
which helped to increase the number of volumetric samples
acquired during a single cardiac cycle. While this demonstra-
tion is limited in scope, mainly due to the relatively low num-
ber of pixels in the dataset, and the anesthesia that was ap-
plied to the embryos, it still shows the potential of OFDI for
4-D imaging of the Xenopus heart. Future technical develop-
ments on faster light sources �see, for example, Jenkins et
al.20� and more advanced image processing algorithms could
extend this technology to allow reliable measurements of dy-
namic physiological parameters, such as stroke volume and
ejection fraction, as well as valve opposition, stiffness, and
nodularity, which all have close analogs in human pathophysi-
ology. By modifying the OFDI light source, we were also able
to conduct real-time cross sectional imaging with higher axial
resolution �4 �m� while maintaining high frame rates
�40 frames per second�, enabling unprecedented cross sec-
tional visualization of valve dynamics �Figs. 5�e�–5�g�� and
single cell blood flow. Compared to FFOCM, the axial reso-
lution of OFDI is limited due to the bandwidth of wavelength-
tuning sources and its longer central wavelength �1.3 �m�,
which affects both transverse and axial resolution. The focal
volume of FFOCM in this work was approximately four times
smaller than that of OFDI, allowing higher resolution for vi-
sualizing the detailed microstructure of the developing heart.
Table 1 summarizes the different capabilities of each tech-
nique, highlighting their complementary nature.

To demonstrate the potential of some of these techniques
for evaluating teratogenic effects, we imaged Xenopus em-
bryos following the administration of different concentrations
of ethanol. Different animal models are being used to study
FAS, despite obvious differences in general structure and in
the ethanol teratogenic concentrations.50 The teratogenic ef-
fect of ethanol on Xenopus laevis was previously studied on
the morphological and molecular levels,28,51,52 but to our
knowledge, the teratogenic effect of ethanol on Xenopus heart
development has not been investigated. The ethanol concen-
trations that we used to obtain an observable effect on heart
development were 1.5 to 2.5% �vol./vol.�. These values are
equivalent to 1.2 to 2 g /100 mL, which are about 6- to 10-
fold higher than high intoxication levels in the human blood

Table 1 Comparison of endogenous-contrast modalities for optical
imaging of the embryonic heart. Bold text denotes the best imaging
characteristics.

OFDI FFOCM SECM

Transverse
resolution

2–15 �m 2 �m 0.9 �m

Axial resolution 4–10 �m 1.1 �m 2.5 �m

Speed �frames per
second�

40–900 0.5 10

Three dimension
in vivo �4D�

Yes No No

Applications Architectural
dynamics

Whole organ
microscopic
morphology

Subcellular
dynamics
system �about 0.2 g /100 mL�. While this value

November/December 2007 � Vol. 12�6�0
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0.2 g /100 mL� may represent the levels of alcohol in the
other’s blood system, no information is available regarding

he ethanol concentration within the human fetus that causes
AS. Also, no information exists regarding the actual ethanol
evels in the tadpole itself. The alcohol concentrations in this
ork are similar to the concentrations that were used in the

ebrafish study conducted by Bilotta et al.53

The pericardial edema that developed as part of the ethanol
eratogenic phenotype prevented the use of standard light mi-
roscopy to study variations in heart morphology. The large
enetration depth of TDOCT, OFDI, and FFOCM allowed
maging of the heart through the edema. Our preliminary re-
ults suggest that ethanol interferes with the process of heart
ooping �Figs. 2�e�–2�h��, in agreement with a study on
uail.54 The reduction in TA size that is reported in this work
as predicted by Cavierres and Smith,55 but not observed. To
ur knowledge, less developed ventricular trabeculae caused
y ethanol exposure �Figs. 2�m�–2�p�� have not been previ-
usly reported. Interruption of active blood circulation follow-
ng ethanol treatment was reported in quail and Medaka fish
mbryos.54,56 That finding might explain our results concern-
ng the low OCT signal from within the heart �Videos 1 and
�. However, we could not rule out the possibility that the loss
f signal was due to changes in blood composition, rather
han an interrupted circulation.

Even with their relatively high penetration depths, none of
he optical imaging techniques investigated here could image
he heart at the onset of cardiac organogenesis �around stage
9�, due to high scattering at these earlier stages. We were
ble to identify the initiation of cardiac movements at stage 35
data not shown�. Clear structural images, at the onset of
hamber formation, were acquired from around stage 41, as
he embryo became optically transparent. The most detailed
mages were acquired by all four modalities from stage 46.

Cellular-resolution FFOCM and SECM microscopic
atasets were difficult to register with histology. The embryos
ere quite fragile when processed and embedded, making
reservation of morphology challenging. Furthermore, images
ust be registered to histology with a precision on the order

f 10 �m, which is difficult to achieve with conventional
ectioning techniques. As a result, there are many gaps in our
nderstanding of the cellular structures that we see with these
ethods. Additional research is merited to better understand

he cellular origins of scattering contrast seen in FFOCM and
ECM images.

One common characteristic of all imaging modalities pre-
ented in this work is the use of endogenous scattering mecha-
isms within the tissue. Endogenous-contrast imaging is ad-
antageous because it is nondestructive and does not alter the
omposition of the specimen, the specimen preparation is less
ubstantial or nonexistent, the signal does not decay over
ime, and biodistribution and delivery are not issues. Still,

olecular imaging is critical for relating gene and protein
xpression to phenotype. We have already demonstrated that
uorescence imaging can be conducted in SECM by modifi-
ation of the source and detection electronics.57 The coherent
etection used in TDOCT, OFDI, and FFOCM cannot directly
etect fluorescence. However, several molecular contrast
ethods have already been suggested for OCT.58,59

Finally, the endogenous contrast optical imaging modali-

ies presented in this work allow evaluation of the embryonic

ournal of Biomedical Optics 064021-1
heart from different vantage points. Combining OFDI, SECM,
and FFOCM could leverage their strengths �see Table 1� and
provide a tool for obtaining a more comprehensive morpho-
logical and functional myocardial phenotype. This multimo-
dality paradigm can be extended to other systems and animal
models as well. Since these noninvasive imaging techniques
do not alter the specimen, they can be used sequentially or in
parallel. Furthermore, while we have used separate imaging
systems in this work, there is no fundamental barrier prevent-
ing their combination into one imaging system that uses a
single wavelength swept source.14,17,23
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