1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Curr Opin Genet Dev. 2011 October ; 21(5): 579-584. doi:10.1016/j.gde.2011.09.004.

Optical Coherence Tomography for live imaging of mammalian
development

Irina V. Larinal”, Kirill V. Larin12, Monica J. Justicel, and Mary E. Dickinson?

1Department of Molecular Physiology and Biophysics, Baylor College of Medicine, One Baylor
Plaza, Houston, TX 77030, Phone: (713) 798-4700, Fax: (713) 798-3475

?Department of Biomedical Engineering, University of Houston, 4800 Calhoun Rd., 3605 Cullen
Blvd,, Houston, TX 77204, Phone: 832-842-8834

Abstract

Understanding the nature and mechanism of congenital defects of the different organ systems in
humans has heavily relied on the analysis of the corresponding mutant phenotypes in rodent
models. Optical coherence tomography (OCT) has recently emerged as a powerful tool to study
early embryonic development. This non-invasive optical methodology does not require labeling
and allows visualization of embryonic tissues with single cell resolution. Here, we will discuss
how OCT can be applied for structural imaging of early mouse and rat embryos in static culture,
cardiodynamic and blood flow analysis, and in utero embryonic imaging at later stages of
gestation, demonstrating how OCT can be used to assess structural and functional birth defects in
mammalian models.
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Introduction

Thousands of different birth defects have been reported which affect the structure or
function of every part of the human body. Studies in mouse models are invaluable for
defining genetic and environmental factors affecting the anatomical and physiological
development of different organ systems in humans. For this purpose, hundreds of mouse
mutants linked to human birth defects and diseases have been reported [1] and several large-
scale, international, genome-wide screens for new and advanced models of human disease
have been initiated [2,3,4]. However, the success of these efforts depends on the ability to
analyze phenotypic outcomes, raising an urgent need for better phenotyping tools.

Recently, great progress has been made in developing imaging methods for developmental
biology. High-frequency ultrasound allows visualizing whole embryos in utero. The
resolution of this method even for high-frequency systems is limited to about 30-100 um,
yet it has proven successful in screening for specific defects [5,6]. Micro-MRI is another
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technique used for structural 3D embryo imaging, and proof-of-concept studies have shown
that it can be used to screen for different phenotypes [7,8,9]. However, the spatial resolution
of micro-MRI is also about 25-100 um and this method is particularly sensitive to motion
due to long integration times, limiting its applicability for live embryo imaging. Higher
resolution optical microscopy methods such as confocal or multiphoton imaging can be used
to image early stage post-implantation embryos in culture (E5.5-10.5) with sub-micron
spatial resolution, but the imaging depth is limited to a few hundreds of micrometers
[10,11,12]. Because of the limited field-of-view and the need for vital, fluorescent cell or
tissue markers (such as fluorescent proteins), these methods are most appropriate to answer
well-defined questions in a limited number of mutants rather than as a screening tool.
Optical projection tomography (OPT) is a very exciting, innovative method for high-
resolution 3-D imaging of mouse embryos and has been used successfully to define
phenotypic variations within mutants in several studies. The main advantage of this method
is the ability to image whole mount immunostaining in embryos, but imaging through such
thick 3-D volumes is enhanced by clearing agents that are not compatible with live
embryonic imaging [13,14].

Optical coherence tomography has a unique niche for live mouse embryonic imaging and
phenotyping. OCT has an order of magnitude higher spatial resolution (2-10 um) than
ultrasound or Micro-MRI, while imaging an order of magnitude deeper (1-3 mm) than that
of confocal/multiphoton microscopy [19]. The high spatial resolution and true 4-D
capability, without the need for applied contrast agents are advantageous for imaging mouse
embryos. Here, we will discuss OCT applications for live embryonic imaging and functional
analysis at different stages of mammalian development and how this method can be used for
identifying mutant phenotypes.

Optical Coherence Tomography

Optical Coherence Tomography (OCT) was introduced as a method for generating 3-D
tomograms of the eye in 1991 by Fujimoto’s group [15]. The non-ionizing light of the OCT
is considered to be safe and is FDA approved for ophthalmologic use in humans [16]. OCT
systems are now routinely found in ophthalmology practices worldwide and these systems
are becoming increasingly more popular with researchers and clinicians in ophthalmology as
well as cardiology, dermatology and oncology [17,18]. Modern OCT systems can achieve a
spatial resolution of about 2 to 10 um and an imaging depth of about 1 to 3 mm in tissues
[19]; thus, it is ideal for live “microscopic histology”.

Briefly, OCT systems are based on interferometry, utilizing a coherent, broadband light
source. Similarly to the ultrasound imaging, the in-depth resolution of the OCT is achieved
by analysis of an echo time delay and an amplitude of the signal backscattered from
different sample depth. Because the speed of light is much higher than the speed of sound,
the time delay of the backscattered light cannot be measured directly, as in the ultrasound
approach. To overcome this limitation, OCT utilizes light interferometry (Figure 1A). The
laser light is split into a sample arm that is scanned through tissue and a reference path that
does not pass through tissue. Images are generated from the interference signals that are
created when the light from both arms is recombined, providing contrast where there are
differences in the optical properties of tissues, such as between tissue layers, fluid-tissue
interfaces or from different cellular densities. OCT relies on natural tissue contrast and does
not require application of any contrast agents. A single unit of OCT data is an in-depth
intensity profile (called A-scan). By lateral scanning of the beam, 2-D cross-sectional
images (B-scans) and 3-D volumes of OCT data are acquired. C-scan in OCT refers to a
cross-sectional image perpendicular to the scanning beam. A more complete description of
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how OCT imaging works and ways to improve contrast, speed and resolution can be found
in [19].

Structural OCT imaging of early embryonic development

OCT has been successfully applied for live structural embryonic imaging in different non-
mammalian model systems, such as Drosophila [20], zebrafish [21], Xenopus laevis [22,23],
quail [24,25], and chick [26,27,28,29] with a primary focus on cardiovascular analysis.
Jenkins et al. applied OCT for imaging of extracted mouse embryonic hearts at E12.5 and
E13.5, which demonstrated the potential for this technique to visualize structural and
functional consequences of genetic manipulations [30]. The same group reported 3-
dimensional OCT images of E13.5 beating, embryonic mouse hearts that were excised and
externally paced [31]. Likewise, Luo et al. imaged beating E10.5 hearts in embryos that
were maintained outside the uterus, but with dramatically slower than normal heart rates
[32]. By combining OCT imaging with robust embryo culture methods [11,33], our group
has been able to use OCT for structural and hemodynamic analysis of the cardiovascular
system in live mouse embryos [34,35,36]. Although not in a perfectly natural environment,
early embryos (E7.5-10.5) cultured on the imaging stage for over 24 hours show similar
developmental milestones as those in utero including vessel remodeling and heart looping,
providing a window into otherwise inaccessible information [10]. Figure 1(B,C) shows an
example of a live mouse embryo imaged with OCT at E9.5. Structural OCT is very effective
as a method to produce 3-D reconstructions of whole live cultured mouse embryos from
E7.5 to about E10.5 as well as for dynamic 2-D imaging with single cell resolution
[34,35,36].

Live OCT imaging protocols have also been extended to the rat at embryonic stages E10.5 —
E11.5, equivalent to E8.5 — 9.5 mouse embryos [19]. Structural 3-D imaging of live rat
embryos, dynamic heart imaging, and Doppler OCT analysis of the beating heart was
demonstrated [19]. The rat model is preferred for a variety of physiological studies, and
recent derivation of rat embryonic stem (ES) cells by Buehr et al. and Li et al. [37,38]
opened a door for a wide range of genetic alterations to create rat models with more
relevance to human disorders, including better models of congenital defects. OCT imaging
is a useful tool for live dynamic embryonic analysis of rat mutants.

Functional OCT imaging

In addition to structural imaging, OCT can be used for Doppler analysis to obtain velocity
measurements from moving structures, with the same spatial and temporal resolution [39].
Doppler OCT relies on detection of a phase shift between adjacent in-depth OCT scans at
each point, which is caused by movement of the light scatterers. Blood flow velocity at each
pixel can be reconstructed according to the formula (11):

v=A¢/(2n<k>1cos(B)) (1)

where A¢ - is a Doppler shift-induced phase shift calculated between successive A-scans, n -
is a refractive index, <k> - is the average wave number, t - is time between the successive
A-scans, and B - is an angle between the flow direction and the laser beam. The angle B can
be calculated from structural 2-D and 3-D data sets.

Doppler OCT is an effective way to characterize blood flow dynamics in early embryos
analysis. It can be applied to reconstruct spatially and temporally resolved Doppler shift
velocity profiles from yolk sac vessels and embryonic vessels when the blood flow is well
established [35], as well as at early stages of circulation while blood flow is being
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established, based on velocity measurements from individual circulating blood cells [34].
This is highly important as it allows visualizing earliest blood circulation defects in mouse
mutants with cardiovascular abnormalities, which is currently not possible with other
modalities.

Doppler OCT imaging in rat embryos has also been performed [40]. Figure 2 shows an
example of a structural OCT image through the E10.5 rat embryonic heart and a series of
color-coded Doppler images of the same area taken from a time lapse and representing
different phases of the heartbeat cycle. The Doppler shift signal is generated by the velocity
component, which is parallel to the OCT laser beam. The blue shift corresponds to
movement toward the detector, while the red shift corresponds to movement away from the
detector. As one can see from the figure, the Doppler shift was detected from the circulating
blood cells inside the heart (labeled as b) as well as from the moving heart wall (labeled as
hw).

In many cases, hemodynamic analysis in the heart is complicated by the Doppler shift phase
wrapping (at high flow velocities, the Doppler OCT shift exceeds 2z, which makes velocity
calculations ambiguous) and the difficulty of mapping the exact flow direction, which is
required for the velocity calculation. Several groups are developing and optimizing
algorithms to overcome these limitations in avian models [26,27]. Potentially, these methods
can be applied for quantitative Doppler OCT hemodynamic analysis in mammalian
embryonic hearts.

Traditionally, the vascular structure is reconstructed based on Doppler OCT analysis of the
blood flow. The major drawback of Doppler OCT for blood flow analysis and reconstruction
of vascular structure is its insensitivity to the transverse component of blood flow, which
prevents Doppler OCT visualization of vessels perpendicular to the scanning laser beam.
Another disadvantage of the Doppler OCT is its dependence on phase stability of the
system. Alternatively, Speckle Variance (SV) OCT analysis can be used for 3-D
reconstruction of the vasculature in cultured embryos [41]. SV OCT analysis relies on
statistical properties of time-varying speckle pattern in OCT images, as the decorrelation of
speckles from moving scatterers is faster than that of static scatterers. Because the most
dynamic scatterers in the embryo are circulating blood cells, this algorithm allows to
visualize 3-D circulatory network. SV OCT imaging provides more accurate 3-D
visualization of the vasculature than the Doppler OCT method, since Doppler OCT relies on
the axial component of the blood flow and SV OCT it is not sensitive to the flow direction.

In utero embryonic imaging

OCT imaging of cultured embryos described above reveals unique information about early
mammalian development; however, the major limitation of this method is that embryos
grown in culture can only be maintained for 24—-48 hours. Furthermore, embryos obtained
beyond the E10.5 stage do not survive long in culture due to the need for maternal support.

Beginning at E12.5 through the remainder of embryogenesis, mouse embryos can be
visualized in utero with OCT [42]. Prior to E12.5, each embryo in the uterus is surrounded
by a thick layer of decidua, which scatters the signal extensively making embryos
inaccessible to optical imaging. As the embryos grow and the placenta forms, the decidua
thins and degenerates by E12.5, enabling embryo imaging through the uterine wall. For
longitudinal imaging, the female is anesthetized, and the uterine horn is externalized through
an abdominal incision for access. After imaging, the incision is closed with surgical sutures.
Although semi-invasive, this method allows repeated imaging of the same living embryos to
characterize temporal changes in organ development at unprecedented spatial resolution.
High resolution OCT imaging of different embryonic organs, such as brain, limb, and eye
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have also been demonstrated [42]. Figure 3 shows examples of 3-D reconstructions of
mouse embryos in the uterus at three embryonic stages. The head and the forelimb are
visible in all the reconstructions, and there is a clear morphological and size difference
between the stages shown in the Figure. Changes in craniofacial details over time are
remarkable. This approach can be useful in analyzing embryos from genetic screens to avoid
histological sectioning of multiple litters and to study the effects of pharmacological and
toxicological agents on embryo development. Limited imaging depth is the major drawback
of this method, however, optical clearing methods might potentially prove useful for
enhancing the OCT signal from internal structures [43].

Future applications

Live OCT imaging is an exciting innovative approach to study mammalian development.
While some experience is needed to maintain live embryo culture on the imaging stage and
to perform survival surgeries for longitudinal in utero analysis, no other methods are
currently available to visualize live mouse embryos at a similar spatial and temporal
resolution. Currently, functional annotation of the mammalian genome will be carried out on
large numbers of mice obtained from the International Knockout Mouse Consortium by the
International Mouse Phenotyping Consortium [44,45]. Approximately one-third of all single
gene mutations result in early, post-implantation embryonic lethality; abnormal development
of the cardiovascular system results in the death of nearly two thirds of these [46]. Because
there is no need for additional contrast agents on living embryos and because entire litters
can be imaged within minutes, OCT imaging is suitable for secondary screening of
embryonic lethal mutations to define the morphological or functional basis of the phenotype.
Furthermore, the ability to scan live, mid-gestation stages with high resolution in utero will
enable chronic imaging of phenotype progression in tissues such as the eye, limb, and brain
with much better spatial resolution than that offered by ultrasound or MRI analysis, and it
may be adapted to other organ systems as well. High throughput phenotype analysis of mice
will be required for functional studies, as well as pre-clinical, toxicological and systems
biology approaches [47]. Current studies are underway to define protocols for routine
phenotype analysis using OCT imaging. With increasing commercial availability of turn-key
machines and the growing popularity of OCT imaging for a variety of applications, OCT
systems are likely to become common instruments in many rodent phenotyping core labs.
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Figure 1.

Live embryonic imaging with optical coherence tomography (OCT). (A) Simplified diagram
of OCT principle. (B) A cross-sectional view through the 9.5 dpc mouse embryo cultured on
the imaging stage, (C) 3-D rendering view of the same OCT data set. The data set consists of
512x512 A-scans.

Curr Opin Genet Dev. Author manuscript; available in PMC 2012 October 1.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Larina et al.

Page 10

Figure 2.

Doppler OCT velocity imaging in the live rat embryonic heart at 10.5 dpc. (A) Structural
image acquired from the primitive ventricle of the beating embryonic heart. (B-G)
Corresponding representative Doppler color-coded maps from the same area taken out of a
time lapse. Doppler imaging was performed at about 26 fps at 512 A-lines per frame.
Adopted from [40].
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Figure 3. 3D OCT imaging of mouse embryos in utero at different developmental stages

Each data set for the reconstructions was acquired as a series of 512 x 512 A-scans over a
10mm x 10mm x 2.2 mm volume. 1, head; 2, forelimb; 3, hindlimb; 4, pinna of ear; 5, eye;
6, yolk sac; 7, uterine wall; 8, follicles of vibrissae. Scale bars correspond to 1mm. Adopted
from [42].
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